Time-based fairness study and resource sharing approaches for radio access technologies coexisting in the unlicensed bands by Baiyekusi, Oluwatobi
Time-Based Fairness Study and Resource
Sharing Approaches for Radio Access
Technologies Coexisting in the Unlicensed Bands
Oluwatobi Ezekiel Baiyekusi
Submitted for the Degree of
Doctor of Philosophy
from the
University of Surrey
Institute for Communication Systems
Faculty of Engineering and Physical Sciences
University of Surrey
Guildford, Surrey GU2 7XH, U.K.
June 2019
c© Oluwatobi Ezekiel Baiyekusi 2019

I would like to dedicate this thesis to God my Father, whose immeasurable Love is
everything to me. Thank You God!
Abstract
In light of recent interests and activities by cellular networks operators to exploit the
unlicensed bands to boost network capacity, never has the issue of fair coexistence and
spectrum sharing been at the heart of most feasibility and performance studies of radio
access technologies coexisting in unlicensed bands. This has been the case because over-
all system performance by incumbent radio access technologies is not expected to be
compromised in the spirit of fairness. Therefore, fair coexistence or spectrum sharing
has become a key performance metric in evaluating the performance of most solutions
proposed to permit radio access technology coexistence in the unlicensed bands. Time-
based fairness, the focus of this thesis, refers to a mechanism which can by adopted to
evaluate fairness performance among coexisting radio access technologies in the time
domain, however, limited studies have been conducted and practical implementation
solutions are still out of reach. In this thesis, the objectives are to address existing gaps
in accessing practical time-based fairness solutions.
Firstly, a review of the state of the art on fairness issues, metrics and approaches are
discussed, providing an overview of current approaches and solutions and identifies their
shortcomings to practical implementation.
Secondly, the estimation of number of nodes contending over the unlicensed spectrum,
which is a requirement for many fairness oriented schemes proposed for radio access
technologies coexisting in unlicensed bands, is addressed. A novel technology-neutral
estimation method for node numbers is proposed. The transmission interval observed
over the unlicensed channel represents a probabilistic distribution, which can be ob-
tained via the uniform difference distribution. The characteristic features of the uniform
difference distribution are exploited to aid estimation of node numbers in scenarios
where nodes contend for the channel within the same contention window and under
multiple contention windows. The benefit of the proposed method over existing meth-
ods is the level of accuracy and its ability to provide a tighter estimate to small increase
in numbers of contenders on the channel.
Thirdly, two approaches to achieving time-based fairness are proposed. The first be-
ing a deterministic approach and the second a probabilistic one. The deterministic
approach aims to study the upper bound performance of time-based fairness utilizing
the estimation method for node numbers proposed in this thesis. An optimal value is
computed as a backoff value for each transmission cycle while keeping the transmission
opportunity of all coexisting radio access technologies the same. The results show time-
based fairness improves spectrum utilization and overall throughput performance. The
probabilistic approach seeks for a practical and implementable solution to achieving
time-based fairness based on the proven performance benefits shown from the deter-
ministic approach. The transmission interval distribution obtained from observation of
the channel activity during the node number estimation serves as the building block
towards a practical solution. The distribution is continually monitored and mapping
of the occurrence of transmission intervals to its probability density functions are per-
formed. The mean of the distribution is then optimized to provide a balance between
the channel access probabilities in order to achieve approximately equal transmission
time by all nodes contending over the channel. Two parameters are adjusted to attain
time-based fairness, which are the contention window sizes and transmission oppor-
tunity. Simulation results show that time-based fairness under the proposed scheme
can improve spectrum utilization, reduce the disparity in throughput performance and
guarantee fairness among coexisting radio access technologies.
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Introduction
The capacity crunch on cellular networks has been around for some time. The research
and development into more efficient transmission schemes and network architectures
to boost network capacity for end users over the years have struggled to match the
exponential increase in demand for more capacity by user applications and devices. It
is well known that the main limitation in most wireless systems is limited spectrum.
This is even more the case for cellular mobile systems. The fresh approach to address
the spectrum shortage for cellular networks, which has operated only in the licensed
spectrum from inception, is to operate simultaneously over the licensed and unlicensed
spectrum. Combining multiple carriers from both spectrum regimes is expected to
boost capacity for cellular network users. However, the concern of the impact of cellular
networks operating in the unlicensed spectrum, where incumbents such as wireless
local area networks (WLANs) have operated from inception, also have generated some
conundrum. The consensus by entrants (cellular systems) and incumbents on the need
for fair coexistence of the wireless resource common to both systems is not in doubt.
But efficient and practical ways of ensuring fair coexistence between both camps has
been the bone of contention.
Existing Issues Surrounding Fair Coexistence Between Radio Access Tech-
nologies (RATs) in Unlicensed Bands
One of such issues is a definition of fair coexistence which can be measured in real-time
1
2by coexisting nodes or users without incurring additional system overheads. Addition-
ally, continuous measurement of fair coexistence, in line with a practical definition of
fair coexistence. Practical implementation of solutions to enable fair coexistence are
also existing issues.
Thus far, substantial efforts have been made in proposing solutions to enable fair co-
existence between unlicensed Long Term Evolution (U-LTE), i.e., LTE operating in
unlicensed bands and Wireless Fidelity (Wi-Fi) in research literature [1–4]. However,
a more meaningful definition and enforceable solutions to allow fair coexistence are
still required. The consequence of lack of appropriate fairness solutions will have a
negative impact on both RATs yielding to suboptimal performance from what they are
capable of. Fifth generation (5G) communications have also been marked to operate
over licensed spectrum, unlicensed spectrum and licensed shared spectrum [5, 6]. This
will further raise the need to address the issues mentioned earlier. A one-sided consid-
eration in addressing these issues by leaning more to favour one technology, without
proper evaluation of its impact on other technologies, is not a scalable approach con-
sidering when other RATs also join the incumbents [7]. This will only result in unfair
coexistence, which may reduce the value of the shared spectrum. It is in the interest
of all stakeholders to find acceptable solutions to these issues in order to achieve the
objectives of utilizing the unlicensed spectrum. Time-based fairness (TBF) in resource
sharing of unlicensed spectrum have been an area of study for WLANs and coexist-
ing RATs. The better performance experienced by implementing a TBF solution for
WLANs has been demonstrated in previous works [8, 9]. However, the study into effi-
cient and practical TBF solutions for RATs coexisting in the unlicensed spectrum have
received little attention. TBF can address the issues mentioned earlier and lead to a
clear definition for fairness, enable scalability as more RATs operate on the unlicensed
spectrum and allow practical implementation.
1.1. Objectives and Motivation 3
1.1 Objectives and Motivation
The objective of the work presented in this thesis aims to answer the research question,
what fairness definition and approach for coexisting RATs in unlicensed
bands is appropriate to enable real-time measurement and practical imple-
mentation without incurring additional system overheads?
This has led to the study of performance of time-based fairness and evaluated with ex-
isting channel access schemes and procedures in the technical standards from Institute
of Electrical and Electronics Engineers (IEEE) 802.11 for Wireless Fidelity (Wi-Fi)
and Long Term Evolution - Licensed Assisted Access (LTE-LAA) for cellular commu-
nications. In order to achieve a practical TBF approach to enable fair coexistence,
firstly, a node or user number estimation method for coexisting RATs in the unlicensed
bands is presented. Measuring fairness in many solutions require the number of nodes
contending for the channel, and this contribution addresses the gap for a technology-
neutral solution. Secondly, TBF resource sharing schemes which permit fair sharing of
the spectrum is the core focus of the work in this thesis. A futuristic approach to fair
coexistence is essential, and to achieve the stated objectives, the work presented in this
thesis focuses on:
• Measuring fairness and enforce time-based resource sharing scheme, where the
number of nodes or users contending for the unlicensed spectrum is expected to
be known. A technology-neutral node number estimation method is proposed to
estimate number of nodes contending on the same channel.
• Deterministic and probabilistic resource sharing approaches are proposed for TBF
in unlicensed bands.
1.2 Thesis Structure and Outline
The remainder of the thesis is structured as follows:
• Chapter 2: “Fairness among Radio Access Technologies Coexisting in
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Unlicensed Bands: Issues, Metrics and Approaches”
This chapter reviews the issues, metrics and approaches associated with RATs
coexisting in the unlicensed bands. An introduction to fairness in unlicensed
bands is given, including the overarching perspective to fairness and its definition
in the unlicensed bands. Channel access, system and network models in evaluating
fair coexistence are discussed. Performance metrics in evaluating fair coexistence
and the types of fairness adopted in literature are presented. Other areas involving
level of fairness and existing solutions in achieving fairness in coexistence studies
are also reviewed. Finally, some gaps in existing research on the state of the art
are identified.
• Chapter 3: “Node Number Estimation for Coexisting Radio Access
Technologies in Unlicensed Bands”
This chapter presents a novel method for estimating number of nodes contending
over a channel in the unlicensed bands. Modelling of the distribution of transmis-
sion intervals is presented by means of the uniform difference distribution. The
important characteristics of the uniform distribution and uniform difference dis-
tribution to enable such estimation are shown. The slightly different approaches
to estimate node numbers in scenarios of same contention window and mixed
contention window are given. The accuracy of the proposed method is shown
across different contention windows.
• Chapter 4: “A Deterministic Approach Enabling Time Based Fairness
for Coexisting Radio Access Technologies in Unlicensed Bands”
This chapter investigates the performance of TBF between coexisting RATs with
cognitive radio capabilities in the unlicensed bands employing a deterministic ap-
proach. The aim is to establish upper boundary performance of RATs implement-
ing TBF. Firstly, a description of the system model and TBF is given. The steady
state probabilities for LTE-LAA and Wi-Fi are given under specified conditions.
1.3. Overview of Contributions 5
The mathematical expressions for the physical layer capabilities are formulated
which is required to ascertain throughput performance when equal channel occu-
pancy time is reached. The optimal CW (deterministic backoff value), obtained
analytically, is used to ensure all nodes contending over the channel have equal
cumulative transmission time over the channel.
• Chapter 5: “A Time Fairness Resource Sharing Scheme for Coexisting
Radio Access Technologies in Unlicensed Bands”
This chapter aims to address the need for practical and implementable solutions
to achieve time-based fairness. A probabilistic approach is proposed by first
mapping the occurrence of actual transmission intervals to the probability density
function (pdf). The mean of the distribution is obtained and then optimized to
allow improved channel access by adjusting the minimum CW of LTE-LAA. As
well as limiting the transmission opportunity (TXOP) to the minimum TXOP
sensed over the channel equal channel occupancy time (COT) can be attained
over a period of time.
• Chapter 6: “Conclusions”
This chapter provides a conclusion to the research contributions presented in this
thesis. Furthermore, a couple of open issues for future work are briefly pointed
out in extending the work into TBF for coexisting RATs in unlicensed bands.
1.3 Overview of Contributions
The main contributions of this thesis can be summarised as follows:
• A node number estimation method is presented for coexisting RATs in unli-
censed bands. The technology-neutral approach utilizes the distribution of the
transmission intervals, which has a relationship with the difference of the uniform
randomly selected backoff integers by the individual nodes for listen before talk
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(LBT) operation on the unlicensed channel. From the characteristics of the dis-
tribution, the mean is able to indicate the number of nodes actively contending
over the channel. This improves on existing techniques by providing a technology-
neutral method with better accuracy.
• A deterministic approach to achieving TBF in unlicensed bands is presented. A
back-off selection process based on the level of contention on the channel and
already estimated node numbers, informs the back-off integer to select through
an optimal equation. The deterministic back-off integer enables TBF and per-
formance analysis reveals the upper boundary throughput performance of TBF
when equal COT is attained.
• A probabilistic but practical TBF resource sharing scheme is presented. The
mean of the distribution of transmission intervals relates to the level of access
to the channel by a node. This can be measured by observation of the channel,
and by optimizing the mean and limiting the TXOP, approximately equal COT
can be achieved. This is an improvement to existing fairness solutions in that
through measured parameters without any assumptions and information sharing
across nodes, a means to quantify the amount of channel access and respond by
adjusting the level of contention and limiting the TXOP can enable TBF in a
practical way.
1.4 Publications
The research carried out during the course of this PhD has produced the following
publication:
Conference Paper
O. Baiyekusi, S. Vahid and K. Moessner, ”A Time-Based Fairness Approach for Co-
existing 5G Networks in Unlicensed Bands,” 2017 IEEE 85th Vehicular Technology
Conference (VTC Spring), Sydney, NSW, 2017, pp. 1-5.
Journal Papers to be Submitted
O. Baiyekusi, S. Vahid and K. Moessner, ”A Node Number Estimation Method for
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O. Baiyekusi, S. Vahid and K. Moessner, ”A Time Fairness Resource Sharing Scheme
for Coexisting Radio Access Technologies in Unlicensed Bands”
Chapter 2
Fairness among Radio Access
Technologies Coexisting in Unlicensed
Bands: Issues, Metrics and Approaches
2.1 Introduction
The availability of unlicensed bands for open access spectrum has paved way for the
development of a plethora of wireless services. The ability to operate over unlicensed
bands has found application in personal area networks (PANs), WLANs and wireless
metropolitan area networks (WMANs) with examples such as Bluetooth, Wi-Fi and
Worldwide Interoperability for Microwave Access (WiMAX) respectively. The attrac-
tion to the unlicensed band has been motivated predominantly because of the large
available spectrum at no cost. It is important to note, the term ”unlicensed bands” is
used in this thesis because of its wide use in literature, however, it is also known as
license-exempt bands. Cellular networks are the new entrants utilizing the unlicensed
bands for wireless access. However, never has the issue of fair coexistence between
RATs generated so much concern. The basis of this concern is founded on the belief
that new entrants to the unlicensed bands such as U-LTE should operate in a way such
that the performance of incumbents mainly Wi-Fi should not be impacted. The cellular
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system has always operated over licensed bands with deterministic models or mecha-
nisms to channel access and resource allocation. But introducing a similar model over
unlicensed bands would severely impact the operation of incumbents, which operate on
an opportunistic basis, by observing the state of the channel before transmitting [10].
The intentions to also extend the operations of 5G mobile communication systems into
unlicensed bands from the outset [5,6], may generate more concerns on fairness among
coexisting RATs in the unlicensed spectrum. The recent debates on coexistence point
to the fact that fairness is a key performance metric of interest to stakeholders with
RATs operating in the unlicensed bands. This certainly has motivated most of the
works on the design of channel access and resource sharing schemes in U-LTE and
Wi-Fi coexistence, to have fairness as one of the main considerations in evaluating the
performance of their proposed solutions [11]. Beginning from Release 13 of the LTE
standard, coexistence mechanisms have been introduced with a channel access proce-
dure to allow coexistence with other wireless RATs operating over the unlicensed bands,
such as Wi-Fi. The impact of the protocol on Wi-Fi and other RATs will determine
the quality of user experience.
In this chapter, a survey of issues that have arisen in ensuring fair coexistence, metrics
in quantifying multi-RAT fairness performance and approaches proposed in enabling
fairness is presented. One of such issues is the joint utilization of the spectral resources
by LTE-LAA and Wi-Fi as a critical aspect in ensuring fairness and better use of
the scarce spectral resources. Also, existing gaps in the state of the art on achieving
fair coexistence between U-LTE and Wi-Fi are identified. While previous strategies to
dealing with the capacity shortage over cellular networks via the unlicensed bands was
to oﬄoad traffic to other RATs such as Wi-Fi; results given in [12] show that when
the number of Wi-Fi users begin to increase beyond a threshold, it is better to use
LTE-U with resource sharing to improve fairness for Wi-Fi users as well as improve
spectral efficiency [13]. The motivation of modifying LTE to operate in the unlicensed
bands is clearly identified as not only having the benefit of increasing capacity, but also
deploying a unified system enabling better overall system management with legacy ar-
chitectures, and better transmitter coordination enabling signal cancellation techniques
of the LTE systems [1]. There is the question of recognizing clear and quantifiable ben-
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efits of using LTE-LAA in unlicensed bands as opposed to combining both LTE and
Wi-Fi RATs, where traffic is oﬄoaded to Wi-Fi, which is already available. It is gener-
ally accepted that entrance of LTE-Listen Before Talk (LTE-LBT) will improve overall
spectrum utilization [14, 15]. However, in conditions where dense networks of WLANs
are present, this may not be the case [14]. In [16] their comparison model of WLANs
and LTE shows that LTE has a better spectral efficiency to WLANs without considering
physical (PHY) and media access control (MAC) layer overheads. However, enforcing
excessive operational requirements for U-LTE may reduce the overall performance [14].
It is important therefore to strike a balance between improving spectral utilization,
attaining better spectral efficiency and fair resource sharing.
Even for emerging 5G communications, it is critical to review and understand how fair-
ness has been approached and evaluated with existing WLANs and U-LTE coexistence
work and seek better ways of enabling fairness as more RATs join the incumbents in
unlicensed bands.
2.1.1 Perspective to Fairness
Fairness in wireless networks has been an area of study for about two decades. In [17]
the authors surveyed the various domains to which fairness evaluation have been applied
in wireless networks. Some of which are energy consumption, spectrum sharing, service
level requirement and so on. Also, different methods of fairness measurement are given.
Coexistence studies have also been carried out for incumbent RATs in the unlicensed
bands such as Wi-Fi to Wi-Fi fairness [18–20] and Wi-Fi to WiMAX coexistence [21].
Most existing studies however into fairness between coexisting RATs, such as the case
of U-LTE and Wi-Fi have mainly focused on measuring equal network throughput
performance by the individual technologies coexisting on the spectrum. Expressions
such as harmonious sharing [22], graceful and friendly coexistence [14,23] have all been
used to describe fairness when the performance of the incumbents are not affected when
replaced by entrants to the unlicensed spectrum. Fair coexistence has in some cases
been discussed in research literature in a basic sense without taking into cognizance
any metrics to quantifying the fairness concept. One of such was given in [14] where
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no specific fairness-oriented solution was applied other than adopting a closely similar
mechanism to the incumbent WLAN and assuming this to be fair without evaluating
fairness with clear metrics.
Institutions such as the 3GPP and Wi-Fi Alliance (WFA) have described fairness as
being a situation where U-LTE have no different effect when another Wi-Fi node is
replaced by an U-LTE node. This is vague as the implications of these are widespread.
These effects could influence channel access probability, throughput, latency depending
on the network deployment, network traffic, channel conditions and so on. Reasonable
performance is claimed by the authors in [24], based on their analytical work for Wi-Fi
when LTE without any modification in channel access scheme coexists with it. This
is contrary to results shown in [25, 26]. The situation claimed in [24] may arise under
very low load traffic conditions and users [26]. Fairness and performance have also been
addressed differently [27]. The modified channel access scheme of LTE proposed in the
unlicensed bands for coexistence have been broadly categorised into listen before talk
(LBT) based and duty cycle (DC) [7, 22, 28]. However, they are not inherently fair in
themselves [29]. Simpler modifications to channel access schemes such as discontinuous
transmission have been proposed in the past to allow coexistence with incumbents in
the unlicensed bands [30]. The key issue is how U-LTE maximizes its performance
while utilizing the unlicensed bands but also minimizing any possible degradation to
the performance of Wi-Fi in a measurable way. Solutions which tend to focus more
on improving spectrum utilization as well as fairness, tend to maximize the time or
period whereby contending nodes over the channel utilize the spectrum in a manner
that reduces the idle time between transmissions. This aligns with the need for more
work in developing practical time-based fairness oriented solutions to achieve both
objectives.
2.1.2 Definition of Fairness Among Coexisting RATs
In defining what fairness is between coexisting RATs in the unlicensed bands, the 3rd
Generation Partnership Project (3GPP) definition have been widely adopted which
states, LAA design should target fair coexistence with existing Wi-Fi networks to not
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impact Wi-Fi services more than an additional Wi-Fi network on the same carrier, with
respect to throughput and latency [31]. Many research works have focused on proposed
solutions aiming to achieve this definition of fairness. However, quantifying throughput
and latency in real-time across multiple and disparate RATs is not trivial. This requires
information messaging across the RATs which adds to the system overhead, thus re-
ducing overall performance. The scenarios in which coexisting RATs find themselves
vary and the feasibility studies conducted by 3GPP are limited compared to all possible
scenarios. The channel access procedures given in release 14 of the LTE standard, may
not guarantee fair performance on Wi-Fi networks in all possible scenarios. Therefore,
a definition of fairness which can be applied in multiple or all scenarios is desirable.
Tablet Wi-Fi AP
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BS
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Figure 2.1: Coexistence of LTE-LAA and Wi-Fi Networks
2.1.3 Fair Coexistence or Fair Resource Sharing
Generally, the fairness problem between U-LTE (particularly LTE-LAA) and Wi-Fi
has been looked at, more broadly as a coexistence problem or specifically as a resource
sharing problem with implication on performance. Fair coexistence envelopes the indi-
vidual concepts and metrics considered in enabling fairness among coexisting systems.
These include evaluation on throughput, latency, channel access, interference levels and
resource sharing. This means fair coexistence goes beyond resource sharing but also
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considers the impact of other system aspects on fairness. In resource sharing, the key
resource being shared is the spectrum. The term fair-coexistence has been used loosely
without sometimes any measured evaluation. In [24] fair-coexistence basically meant
that as long as LTE is not transmitting continuously, the coexistence is fair. Although
it mentions that finding an optimal value for muting transmission is critical. But no
clear definition of fairness is given. In fair coexistence, different performance metrics
come together in evaluating fair coexistence. In [32] fair sharing of the spectrum is
used as a definition of fairness. Fair resource sharing essentially considers the mutual
sharing of the spectrum channel over which both RATs will be transmitting. Most of
the resource sharing is underpinned in the time domain based on the average channel
occupancy time (COT) each node achieves on the channel. Fair sharing of resource
intuitively in a coexistence scenario is a more efficient and practical way of evaluating
fairness performance. This is because the level of utilization of the common resource
(spectrum) to both RATs can be measured in real-time independently by every con-
tending node over the spectrum without need for messaging from other nodes or from
the Base Station (BSs) and Access Points (APs).
2.1.4 Fairness as a Performance Metric
Fairness has been adopted as a performance metric; it is evaluated by comparing mea-
sured performance before and after fairness-oriented solutions are implemented, against
baseline performance of incumbent RATs. The baseline performance scenario given
in [24] considered the coexistence of Wi-Fi and Wi-Fi networks. The authors men-
tion that to protect Wi-Fi performance by U-LTE, a lower channel access priority or
a higher clear channel assessment (CCA) level is required. However, while changing
the CCA level may alter or improve disparity in fairness, it is difficult to quantify the
amount of improvement considering different scenarios. Nevertheless, if either of these
system parameters are changed as described, Wi-Fi does better than the baseline cases
of Wi-Fi and Wi-Fi.
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2.2 Coexistence Models for Radio Access Technologies in
Unlicensed Bands
This section provides an overview of various mechanisms and models, which have been
proposed to allow U-LTE and Wi-Fi coexist on the same unlicensed spectrum. It is
important to note that having a coexistence mechanism, which allows other RATs
transmit over the channel does not guarantee any form of fairness unless proper con-
sideration is given to quantify channel resources, system parameters and performance
metrics to enable an effective solution design to achieve fair coexistence.
2.2.1 Channel Access Models
Continuous Transmission
In continuous transmission, no changes to the LTE channel access mechanism are made.
This means U-LTE will transmit over the unlicensed channel as it would over the
licensed spectrum. Analysis of continuous transmission given by [24] show significant
degradation to performance when transmission is continuous. Continuous transmission
is generally accepted to be unsuitable for coexistence in unlicensed bands [33,34].
Duty Cycle Transmission
Duty Cycle (DC) transmission is a periodic muting of transmission by U-LTE to allow
other RATs to transmit over the channel. Synchronous discontinuous transmission
is considered better for Wi-Fi than asynchronous [24]. Discontinuous transmission
effectively increases throughput for Wi-Fi but does not guarantee fairness [15, 35]. A
shorter DC may provide more access to Wi-Fi thus improving its performance, however,
it comes at the cost of a degraded performance for LTE-U. The Carrier Sense Adaptive
Transmission (CSAT) is a form of DC transmission with the feature to adapt the
duration of the ON/OFF sequence of transmission. The instant transmission of the
DC without taking consideration of ongoing transmission from other nodes results to
performance degradation to other RATs. A variant of DC transmission is given in [13]
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which follows a periodicity in contention periods and contention free periods, however
controlled by a central node containing LTE BS and Wi-Fi AP capabilities. Providing
a limited contention period may begin to degrade Wi-Fi performance beyond a point.
ALOHA-Like Transmission
Aloha transmission is a random channel access protocol. No channel sensing is per-
formed before transmission. It basically transmits when data is available and if collision
occurs in transmission, it randomly selects a value by which it delays it transmission
before trying again. In [32], the Aloha-like transmission used for U-LTE transmits
with a independent probability in each slot time. This probability is influenced by the
density of the location of the nodes.
Listen Before Talk Transmission
LBT means the node contending for the unlicensed spectrum must sense the channel
for transmission activity before transmitting. The LBT coexistence mechanism has
been considered to be fair in a general sense in many works, however in [11], rather
paradoxically, presented a fair LBT algorithm to enable LTE-U and WLAN coexistence.
They applied a frame-based LBT according to the ETSI BRAN standard and modified
to coexist fairly. The media access probability (MAP) of both Wi-Fi APs and LTE
eNBs are inversely proportional to the total number of Wi-Fi and LTE contenders.
Two types of generic LBT schemes have been used, which are:
• ETSI BRAN Standard for 5GHz High Performance RLAN: The ETSI standard
for broadband radio access networks (BRAN) on the 5GHz bands give a sequence
of procedures for RATs coexisting in the unlicensed bands when no coexistence
protocol is available. Two categories are given which connote fixed and flexible
transmission structures.
• CSMA-Like Channel Access: The IEEE 802.11 standard has been adopted by
the Wi-Fi system for accessing the unlicensed spectrum. However, the LTE-LAA
standard release 14 has adopted largely similar channel access scheme with the
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IEEE 802.11 DCF protocol. The work in [14] gave analysis and results based on
fixed contention window sizes meaning irrespective of a collision of frames, the
contention window size remains the same. This is modelled as a one-dimensional
Markov chain compared to a two-dimensional Markov chain with changing con-
tention window sizes for Wi-Fi.
2.3 Network and System Models for Evaluating Fair Co-
existence
2.3.1 Network Models
Network models of different sorts have been adopted for fairness evaluations of coex-
isting RATs in unlicensed bands. In [15, 24, 32] a poisson point process (PPP) is used
in locating the eNodeBs and APs for two operators. In [24] an intensity for the PPP
is given and the mean of the number of APs and eNodeBs in a given area. They
justified the assumption for the PPP for eNodeB by considering signal-to-interference-
plus-noise ratio (SINR) trends being similar to a constant SINR gap contrary to the
case in taking accurate eNodeB locations. The UEs/STAs are also distributed with
homogeneous PPP with a higher intensity compared with the APs/eNodeBs to allow
a minimum of one STA/UE to attach to an AP/eNodeB. This model presents a more
even distribution of the STAs/UEs across the networks. In [12], a PPP also is used for
locating small cell base stations (SCBSs) and APs. However, because of their interest in
comparative analysis between traffic oﬄoading and resource sharing, a single operator
deploys both networks of LTE-U and Wi-Fi and the distributions of APs and SCBS al-
lows coverage overlap among some of them. The issue with CSMA protocol using PPP,
where the probability generating function cannot be applied due to spatial correlation
in [15] is mentioned, nevertheless they assume all RATs form homogeneous thinning
PPP, whereby this being accurate when the density is small. In [4] a more basic deploy-
ment scenario of one LTE-U BS and four UEs and four Wi-Fi STAs coexisting on the
same unlicensed channel is used to analyse the performance of the proportionally fair
resource allocation approach for coexistence. A user centric approach was considered
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in [13] whereby the user association is optimized to improve spectrum utilization. Their
approach focused on balancing user association or attachment to the Wi-Fi network
or LTE-U network for users with both interfaces. One network HAP is used in their
simulations with a Poisson spatial point distribution. The distribution of the users and
consequently the loading on each technology is dependent on the relationship between
the optimal values of the contention period and number of users.
Single BS/AP and multiple BS/AP network scenarios from [12] show that evaluation
based on size influences at least the average throughput performance metric. Their
work also shows that generally, more average throughput is experienced both in the
licensed and unlicensed bands in a multiple BS/AP scenario.
2.3.2 System Models
Propagation Assumptions
Propagation Assumptions have been used in system models of networks in coexistence
studies. In [24] the authors adopted the common free space path loss model for LTE and
Wi-Fi links, and to simplify the propagation effects, large scale fading is not considered,
however this was considered in [32] and i.i.d Rayleigh fading was considered over all
channels. For a work with SINR coverage probability as a performance metric, different
fading effects to the coverage is useful to understand varied effects on SINR coverage
performance. The effect of hidden nodes is not considered as the probability to transmit
is either 1 or 0 and energy detection is perfect for LBT systems [24, 32]. Similarly,
[4,11] have assumed no hidden nodes, In [13], the authors considered the effect of Log-
normal, Rayleigh and Rician fading condition on the proposed scheme. Their results
show similar trends with respect to different fading channels and two algorithms given.
The Rayleigh fading channel performed worse (not with significant margins), while
the Log-normal fading channel performed best and Rician fading channel following
close. These shows that the propagation or channel conditions assumptions adopted
can influence the results with a level of consistency however, with a very small margin
in all cases. In analysing the impact of energy detection threshold in coexisting RATs
in the unlicensed bands, the effect of interference to the received signal was modelled
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where the assumption of a normalized channel for the channel impulse response was
used [23].
Channel Access Models
Channel access models are the key system aspects in evaluation of fair coexistence.
In [24], their work did not consider exponential backoff with the Carrier-sense multiple
access with collision avoidance (CSMA/CA) protocol, limiting the contention from APs
and STAs to a fixed contention window. The evaluations are conducted for the downlink
alone. The case of the LTE discontinuous transmission as a coexistence mechanism
to allow fair coexistence introduces a time-averaged parameter in the evaluation of
density of successful transmission (DST) and SINR coverage beyond the threshold T
(where T is the baseline acceptable SINR coverage performance being considered).
The performance results under this coexistence mechanism for LTE are all based on
the fractional time-averaged parameter when LTE can transmit. It is obvious that the
lower the ON period for LTE the better the performance for Wi-Fi. But in the spirit
of fairness, LTE performance ought to be taken into consideration as well. The results
for synchronous and asynchronous muting pattern for LTE when coexisting with Wi-Fi
show better performance compared to when coexisting with LTE. This being as a result
of more interference experienced by LTE when in a synchronous transmission as opposed
to an asynchronous transmission. Fair coexistence for Wi-Fi is evaluated to be possible
below 50% of LTE transmitting. This however, has a consequential effect on LTE
and degrades LTE’s performance. The carrier sensing threshold and random backoff
parameter, allows more flexibility in achieving fair coexistence between LTE and Wi-Fi.
In [32] an ALOHA-type MAC is employed for U-LTE with a transmission probability in
their coexistence analysis. Therefore, based on the transmission probability, the density
of nodes contending within a ALOHA slot is based on the transmission probability.
In [35], an almost blank subframe (ABS) coexistence scheme was used to evaluate the
coexistence of LTE-LAA and Wi-Fi. The LTE subframe is muted to allow AP to
transmit the oﬄoaded traffic from the LTE macrocell via a cooperative transaction
between LTE and Wi-Fi. This transaction is coordinated by allowing Wi-Fi more time
to transmit by increasing the ABS but also Wi-Fi takes on oﬄoaded traffic from LTE.
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Traffic Models
The authors in [4, 15] used full buffer traffic models. In [2, 23, 24] the MAC models
presented are based on assumption of the systems always having traffic available to
transmit. If stations are not saturated then, coexistence issues are of less significance
as traffic can be served [1].
Node or User Numbers
Most of the works which took node or user numbers into account made assumptions that
such numbers are known. In a real-life multi-technology coexisting scenario, such as-
sumptions cannot be substantiated and therefore affect the performance of any fairness
model or approach dependent on the knowledge of node or user numbers contending
over the channel. The authors in [3] also identified the challenge of estimating node
numbers in coexisting networks, which is a requirement for the proposed proportional
fair allocation scheme in their work. Inability to estimate node numbers limits its prac-
tical implementation. The throughput equation formulated by the modified Bianchi
Markov chain model given in [23] requires the number of nodes or users of each tech-
nology in the equations for transmission probability, successful transmission probability
and collision probability. The equation for the successful transmission for Wi-Fi and
LTE-LAA is given below:
Psw =
nwτw(1− τw)nw−1
Ptrw
(2.1)
Where Psw is the probability of successful transmission, nw is the number of nodes,
τw is the transmission probability and Ptrw is the transmission probability. It can
be mistaken that deriving the transmission probabilities for LTE-LAA can be simply
adopted from that of Wi-Fi, which uses the IEEE 802.11 standard, which was done
in [11]. However, though the channel access procedure for LTE-LAA seems similar, the
process of exponential backoff is different compared to Wi-Fi and this has an effect on
the equation of the transmission probabilities.
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2.4 Performance Metrics in Evaluating Fairness
In literature, several performance metrics have been used as an evaluation of U-LTE
and Wi-Fi coexistence in unlicensed bands.
2.4.1 Medium Access/Channel Access/Retention Probability
The medium access probability (MAP) is the probabilty a co-channel contender will
have access to the channel. When LTE transmits continuously, the MAP is degraded
for Wi-Fi and the decrease is exponential relative to the PPP intensity of eNodeB
[24]. Under the no protocol change of LTE, with a nominal eNodeB intensity of 0km2
to 100km2, the MAP for APs have no significant difference due to the high energy
detection threshold for LTE. However, beyond this the MAP is significantly reduced.
Under this scenario, fair coexistence is maintained with the nominal density even under
continuous transmission conditions. Also, in [32], the authors formulated the equation
of retention probability primarily based on the back-off time and the total received
power from contenders on the channel below the energy detection threshold. The
results show that with increase in density of both Wi-Fi and LTE-U nodes in the
coverage area, the retention probability decreases, however, this decrease is at a faster
rate with increasing U-LTE density in decreasing the retention probability of Wi-Fi.
However, the difference between U-LTE having a higher transmit power than Wi-Fi
in their analysis may have influenced the results. The channel access probability is
modelled using two dimensional Markov chains in [2] for Wi-Fi and LTE-LAA, which
employ LBT based channel access protocols. For U-LTE, they modelled the binary
exponential backoff to increase across 4 stages, compared to 7 stages for Wi-Fi. The
collision probability in obtaining the channel access probability in practical terms is
subject to how each system responds to detection of a collision. LTE-LAA certainly
applies a more robust response to collision by adjusting its modulation and coding
scheme (MCS) compared to Wi-Fi. This shows that channel access equality cannot be
guaranteed because of disparity in system configurations such as binary exponential
backoff rate.
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2.4.2 The SINR/SIR Coverage Probability
SINR and signal-to-interference ratio (SIR) coverage probability is the level of coverage
which can be attained by a network deployment with respect to SINR/SIR. The SINR
coverage probability is largely affected under a continuous transmission condition from
LTE by the statistical effect of PPP. The larger the intensity of the PPP of one system
over the other, the more the SINR coverage performance over the other [24]. The same
effect is experience when the energy threshold is also increased. However, when both
systems are compared with each other under similar conditions, LTE performs better in
coverage probability than Wi-Fi. A clear imbalance is demonstrated in SINR coverage
probability in favour of LTE. This indicates a need for a fair coexistence mechanism
for Wi-Fi and LTE. However, when Wi-Fi and LTE coexist using a LBT mechanism,
roughly similar coverage probability is achieved. The coverage probability in [4] also
show that better coverage is experienced by LTE-U than Wi-Fi however, this could
further be influenced in their work by the higher transmit power of LTE-U to Wi-Fi.
The SINR coverage probability is obtained as the fraction of STAs whose received SINR
exceeds a certain threshold.
2.4.3 Spatial Throughput
The spatial throughputs are defined by the intensity and number of contenders within
an area. In [32] they presented results for the spatial throughputs of Wi-Fi and U-LTE.
The increase in user density of the U-LTE network over Wi-Fi can eventually reduce its
spatial throughput to zero. Meanwhile on the other hand, increase in user density of
Wi-Fi only coexistence will bring spatial throughput to a fixed value. This is when an
ALOHA-like protocol is implemented for U-LTE. They propose an adjustment of the
retention probability to allow fair coexistence with Wi-Fi because increase in U-LTE
node density will increasingly reduce Wi-Fi spatial throughput.
2.4.4 Rate Coverage Probability
The rate coverage probability (RCP) is measured when a node can support a certain
aggregate data rate. The results in [24] show that when a short duty cycle or LBT
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with sensitive threshold is used for U-LTE, similar performance with baseline scenario
is experienced for low data rates and better performance for high data rates. In RCP,
changing the energy detection threshold for LTE is not enough protection for Wi-Fi.
Both an appropriate channel access priority and sensing threshold is required to allow
better RCP performance for Wi-Fi and acceptable performance for LTE-LBT.
2.4.5 Density of Successful Transmission
DST as a performance metric evaluates the effects of system parameters and mecha-
nisms on the quality of access to the channel. The DST used in [24] is measured when
an AP/eNB can access the channel meaning SINR is above the specified threshold.
The result from their work show analytically that when a short duty cycle or LBT with
similar channel access priority with Wi-Fi and a more sensitive sensing threshold is
used, then Wi-Fi performance is similar to when Wi-Fi and Wi-Fi coexist. The same
is experienced when LTE-LBT uses a lower channel access priority and less sensitive
sensing threshold. In [15], the success probability is given whereby the association of a
user to the nearest AP is subject the condition of the channel. The coexisting success
probability derived is the average success probability for all networks coexisting on the
unlicensed channel. The results show that the coexisting success probability increases
to a point and reduces slightly as the density ratio of users significantly increases. How-
ever, the coexisting throughput (the total throughput of all coexisting networks) when
compared to Wi-Fi only scenario shows a minimum of about 22% improvement; and
this increases slightly as the density ratio increases as well.
2.5 Types of Fairness
Different types to fairness have been adopted to define fair coexistence or resource
sharing between U-LTE and Wi-Fi. These different types of fairness are given in this
section.
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2.5.1 Performance Fairness
Performance fairness takes into account a combination of system performance metrics,
measured to ensure the performance of incumbent RATs is not degraded by the opera-
tion of U-LTE. The 3GPP definition of fairness among coexisting RATs is one example
of performance fairness where throughput and latency must not be negatively impacted.
This definition of fairness is difficult to measure continuously across coexisting RATs.
To be achievable, it will require information messaging, which will reduce overall system
performance. In [1], their approach aimed to enhance airtime coexistence for LTE-LBT
without degrading Wi-Fi. Using their proposed approach of orthogonality, both sys-
tems can coexist without impacting negatively the performance of Wi-Fi. However,
several assumptions are made to achieve this, which could limit its application in a
real world scenario. In [12], they showed that the performance of a Wi-Fi network
coexisting with U-LTE is influenced by the total number of users contending over the
channel by both networks. Their work also showed that adding more U-LTE users to
the network rather than Wi-Fi users may be better to improve spectrum utilization as
well as reduce collision compared to having many Wi-Fi users. In [14] they evaluated
the performance of Wi-Fi and LTE-LAA (LTE-LBT having fixed contention window
size) by having similar numbers of Wi-Fi and LTE-LBT APs and BSs respectively
with same numbers of Wi-Fi only scenarios. In all cases under the assumption of sim-
ilar physical layer data rates, a more aggressive contention window size for LTE-LBT
impacts performance of Wi-Fi but gradually improves as the contention window size
increases. However, a more realistic case of having different physical layer data rates
which was taken into consideration in [23] with different modulation schemes and coding
rates used. The significant impact on Wi-Fi performance in favour of LTE-LAA when
similar modulation schemes and coding rates were used was largely due to the longer
transmission opportunity (TXOP) compared to Wi-Fi. However, even when a lower
TXOP of 2ms was used and lower data for LTE-LAA, a slightly higher throughput was
attained for LTE-LAA over Wi-Fi at the user level fairness. At the network level when
the combined throughput of Wi-Fi and LTE-LAA is considered, three parameters are
identified which significantly causes LTE-LAA to outperform Wi-Fi, these are higher
modulation scheme and coding rate. Secondly, is the lower contention window used in
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their analysis and finally the higher TXOP compared with Wi-Fi.
2.5.2 Throughput Fairness
In [15], the notion of throughput being one of the key performance metrics required
to assess coexistence and measure its benefit in the unlicensed bands is mentioned.
The User Perceived Throughput (UPT) is the metric for determining fairness perfor-
mance in their work. Their findings suggest LAA coexisting with Wi-Fi improves the
performance of Wi-Fi [24]. In [32] the spatial throughput was evaluated and optimiz-
ing the retention probability is proposed to achieve spatial throughput fairness with
inclusion of a weighting factor to allow a balance to system performance. However,
equity is achieved when the weighting factor is set to 1. In [14], when similar number
of APs and BSs are used under similar data rate assumptions with optimal contention
window sizes, the throughput improvement is not significant unless in scenarios where
LTE-LBT possesses higher physical layer data rate capabilities.
2.5.3 Time/Airtime Fairness
In time or airtime fairness, the spectrum is essentially shared in time [23]. While
throughput fairness has been studied extensively, the channel occupancy time in fair-
ness to both RATs is also important. In [4] the interaction between Wi-Fi and U-LTE is
abstracted by the ratio of the channel occupancy of both RATs. The time occupied by
any of the RATs is crucial in establishing fairness, and also per-user and system-wide
throughput can be improved not just by the MCS but also the channel occupancy time
available for each node to transmit. In their work, they show that the size of the sensing
window of U-LTE can largely influence the time occupation ratio between Wi-Fi and
U-LTE. Their results show that having equal ratio in time occupation over the channel
does not result in throughput fairness and in [36], their work further establishes the
fact that there exists a trade-off between throughput and time fairness and no optimal
parameter can allow both to be achieved simultaneously while adjusting the contention
window alone. From their results, what is evident is that similar throughputs and
similar airtime are achieved at different contention window sizes. Meaning, achieving
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similar airtime within a set contention window produces a compromise in throughput
for LTE-LAA with faster datarates than Wi-Fi. And this trade-off is more significant
with more numbers of LTE-LAA than Wi-Fi. In [1], the concept of orthogonality of air-
time channel access was introduced. The coexistence between LTE-LBT operating the
ETSI 301 893 specification and IEEE 802.11 WLAN is portrayed to coexist with orthog-
onality, whereby with both coexistence mechanisms, airtime orthogonality is attained.
The orthogonality is aimed to be maximised as well as not impacting the throughput
of WLANs compared to when another WLAN is introduced. Their results show bet-
ter successful airtime for LTE-LBT without affecting WLANs airtime adversely. Some
form of node number estimation is required to implement their approach to give the
desired results. Time fairness is able to improve spectrum utilization by limiting the
number of idle slot between contenting nodes.
2.5.4 Channel Access Fairness
In [2], the authors considered the approach of channel access fairness index to work out
the fairness between LTE-U and Wi-Fi. Therefore, fairness is primarily judged based
on channel access fairness and not the achieved throughput or channel occupancy of
the channel by both systems. The index is such that when α = 1 then both systems
have the same opportunity to access the channel.
α =
τl
τw
(2.2)
Where τl and τw are the channel access probability for U-LTE and Wi-Fi. Having
channel access fairness does not equate to throughput fairness, this is because opportu-
nities to transmit can also be met with collisions, which will result in lower throughput.
But more importantly, the system response to collision mostly influences the achieved
throughput.
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2.5.5 Max-Min Fairness
A max-min fairness approach given in [12] focused on user-level fairness to maximise
the minimum average throughput achievable by users from both U-LTE and Wi-Fi
networks. Their approach was to ensure that basic service-level can be achieved, which
sets the basis of choosing either to oﬄoad traffic to Wi-Fi or utilize U-LTE to meet
traffic requirements. The equation below shows the formulated optimization problem
for the unlicensed band resource sharing scenario.
max
TL
min
L
{C
A
L + C
B
L · TW
NAL
}
subject to
R(NAW )(1− TL)
NAW
≥ RTW
(2.3)
Where CAL is the average throughput in the licensed band for LTE and C
B
L is the average
throughput in the unlicensed band within the total time slots TW used by Wi-Fi for
transmission and vice versa for TL. N
A
L are the number of LTE users while N
A
W the
number of Wi-Fi users and A represent the LTE network and B the unlicensed network.
The condition for the objective function aims to ensure the average throughput for any
Wi-Fi user is not below a minimum average throughput RTW .
2.5.6 Min-Max Fairness
In [35] a cooperative model is presented using a coalition game where U-LTE traffic can
be oﬄoaded to Wi-Fi based on a utility formulated by jointly the ABS time given by the
LTE-U BS to allow Wi-Fi transmission and amount of traffic to be oﬄoaded. The aim
is to allow some compensation to Wi-Fi transmission for oﬄoading U-LTE traffic on its
network. This compensation is given in addition to ABS time for Wi-Fi transmission.
The utility for each player consisting of a U-LTE BS and several APs is the gain in
the time resource. One of the three key parameters for their cooperative game model
is fairness. The min-max fairness intended to minimise maximum dissatisfaction, in
other words minimizing the maximum excess of the utility to all players. The min-max
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fairness however is applied only on the Wi-Fi network but benefits U-LTE
−→u = arg min−→u (max e(
−→u , S),∀S) (2.4)
where e(−→u , S) is the measure of dissatisfaction. The work shows that min-max fairness
can be achieved but also improves the throughput performance of the Wi-Fi network
and in some case the LTE-U network.
2.5.7 Shapley Fairness
In [35], Shapley fairness is introduced based on the Shapley function. Firstly, the
value of a player in the coalition game is determined by an equation consisting of the
probability of the player joining the game and the contribution made by the player
to the coalition. In their work where mobile data is oﬄoaded to Wi-Fi, and Wi-Fi is
compensated by allocating more ABS time for transmission by U-LTE; under Shapley
fairness, data is oﬄoaded to an AP player based on their contribution to the coalition
game.
φiβi = φjβj ,∀i, j (2.5)
where β is the Shapley fairness and φ is the Shapley function. The results of their
work show that Shapley fairness guarantee some form of fairness but also improves
throughput performance.
2.6 Level at Which Fairness is Measured
Fairness have been measured primarily at two different levels. The network level and
user level.
2.6.1 Network-Level Fairness
Network-level fairness refers to fairness across the entire network of the coexisting
RATs. The contention period and contention free period proposed in [13] aimed to
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achieve fairness at the network level. The optimization problem was designed to achieve
a balance clearly between the U-LTE network and Wi-Fi network. The contention
free period used by U-LTE employed radio resource management schemes to ensure
efficient utilization of the resource to U-LTE users within the contention free period.
In [35], the coalition game proposed defined a utility for each player which joins the
game. The players in their case are U-LTE BSs and Wi-Fi APs coexisting on the same
unlicensed channel. The fairness concept proposed (min-max and Shapley) essentially
aimed to either minimize over allocating the utility to a player or providing more
utility to a player based on its value to the coalition game. Fairness could be achieved
at the network level according to the fairness concept adopted but also throughput
improved. The authors in [23] experimentally evaluated the performance of coexistence
comparing two network setups and parameter configurations. The results showed that
the throughput performance at the network level can be influenced by the number of
users connected to the AP(s) or eNodeB(s). The different priority classes of LTE-LAA
give different outcomes with respect to performance at the network level. Consistent
higher performance was recorded for LTE-LAA compared to 802.11a Wi-Fi when access
priority class 3 with TXOP of 8ms is used along side higher data rates. It is noteworthy
that network-level fairness is not achieved in all the scenarios considered in their work
according to 3GPP definition of fairness.
2.6.2 User-Level Fairness
User-level fairness has gained attention and applied to evaluate fairness between U-LTE
and Wi-Fi coexistence. In [12] the evaluated average throughput performance for both
traffic oﬄoading and resource sharing scenarios, a max-min optimization problem was
formulated for user-level fairness under the assumption that a minimum throughput
can be offered to each user both for Wi-Fi and LTE-U. The work conducted in [23] also
evaluated the per user performance of coexisting LTE-LAA and Wi-Fi networks. Their
work demonstrated that when similar contention window sizes are used, the per-user
throughput when the contention window is small gives a throughput relatively close
to each other and this gets closer as user numbers increase. However, the difference
in per-user throughput increases as the same contention window size for both RATs
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increases, but also narrows as the number of users increases. This shows that the lower
access priority class of LTE-LAA allows more user-level fairness compared to the higher
access priority class 4. The scenario which fits the 3GPP definition of fairness in their
work at the user-level is when Wi-Fi maintains a maximum CW of 32 and LTE-LAA
uses access priority 4.
2.7 Approaches in Enabling Fair Coexistence in Unlicensed
Bands
2.7.1 Centralized Approaches
Centralized approaches are considered an effective way to improve spectrum utiliza-
tion among coexisting RATs in unlicensed bands. The direct and indirect effects of
managing channel access and interference or collision mitigation consequentially im-
proves spectrum utilization. A number of research works have focused on centralized
approaches in enabling fair coexistence in unlicensed bands. In [13] a node, which pos-
sesses the ability to function as an U-LTE BS or Wi-Fi AP, is presented using the point
coordination function (PCF) of 802.11 standard. While it does not provide a direct
resource allocation for Wi-Fi STAs, it provides an optimized Contention Free Period
(CFP), which allows Wi-Fi nodes the opportunity to access the channel. Association
to either technology is based on service requirements such as subscription, quality and
cost. However, a joint user association and contention period optimization problem is
formulated, aimed at balancing the user associations across LTE-U and Wi-Fi networks
and the contention period so as not to degrade Wi-Fi performance.
2.7.2 Distributed Approaches
Distributed approaches in enabling coexistence between Wi-Fi and LTE-LAA have also
been proposed. The ability to respond appropriately to measured data by a coexisting
node based on performance requirements independently is a distributed approach. In
[37], an adaptive CW adjustment based on Quality of Service (QoS) metric requirement
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is proposed. The CW is adjusted periodically by a contending LTE-LAA node aiming to
meet QoS requirements communicated by the BS such as user perceived throughput and
latency. An algorithm implements the adjustments till the desired QoS performance is
reached. This however, requires signalling from the BS to initiate the algorithm.
2.8 Solutions in Achieving Fairness Performance between
Coexisting RATs
2.8.1 Optimizing Retention/Channel Access Probability
In [32], the retention probability is proposed to be optimized to allow fair coexistence
with Wi-Fi. The retention probability is determined by the backoff time and the total
received power from contenders for the channel. The retention probability is consid-
ered optimal when U-LTE and Wi-Fi achieve similar spatial throughout. However, this
is difficult to ascertain without any messaging between both RATs, which will intro-
duce overheads and limit overall system performance and efficient spectrum utilization.
From their work, we see that a lower retention probability is required for U-LTE with
increasing U-LTE density, while a slightly higher retention probability is achievable
with increasing Wi-Fi density. It generally means more Wi-Fi nodes can be accom-
modated within a geographic area to U-LTE nodes, if spatial throughput fairness is to
be taken into consideration. They formulate the optimization problem to obtain the
optimal LBS retention probability as:
max
βL
min {CW (βL), ηCL(βL)}
subject to 0 ≤ βL ≤ 1
(2.6)
βL is the retention probability and the CW/L are the spatial throughput while η is the
weighting factor. Having a weighting factor of 1 means U-LTE and Wi-Fi will have
equal share of resource. The spatial throughput, which essentially is the system-wide
aggregate throughput achievable, is reflective of the kind of protocol being used, an
increase in user density increases the spatial throughput for Wi-Fi while for LTE-U
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using the ALOHA-like protocol experiences a slight reduction on spatial throughput
but however, with better performance when compared with Wi-Fi. The channel access
probability given in [2] is the basis of judging fairness by the access fairness index
introduced in their work. The optimal channel access probability is of importance even
as an optimal channel access probability brings about a maximization of the system
throughput for both U-LTE and Wi-Fi in their individual cases. While this may be
the case, this does not equate the throughput fairness, as both systems attain their
maximum throughputs but do not equate to the same throughput.
2.8.2 Optimizing Idle Frames/Slots
To enable fair coexistence between U-LTE and Wi-Fi, in [11] the authors proposed
optimizing the number of idle frames to allow Wi-Fi more opportunity to transmit
over the channel. Firstly, an estimation method of determining Wi-Fi numbers is
proposed using the collision probability and idle time probability. The combined system
throughput for Wi-Fi and U-LTE with respect to the number of idle frames with the
ratio of number of nodes (both LTE-U and Wi-Fi) contending over the channel gives
the average throughput per system. A reward function is introduced consisting of a
weighted factor, combined system throughput and the fairness index. This is shown in
equation below:
RNI = αSNI + (1− α)FNI (2.7)
The weighting factor α balances the throughput and fairness and this needs to be set
to a desired value. Following this, the aim is to maximize the reward and this is done
by finding the optimal number of frames. Again, implementing this in a multi-operator
scenario is difficult. The number of idle slots can be known but the current throughput
being achieved requires messaging. Their results show a fair coexistence between Wi-Fi
and U-LTE. Despite different number of Wi-Fi and U-LTE nodes, however, when the
same number of nodes for each RAT is used, more idle frames are required to achieve
throughput fairness with Wi-Fi.
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2.8.3 Cross-Layer Resource Allocation
In [4] they proposed a cross-layer solution involving the PHY and MAC layers to offer
proportionally fair resource allocation. The approach first focuses on the channel occu-
pancy of successful transmissions by both RATs. The proposed PF-MAC selects from
a set of possible channel occupancy times by Wi-Fi and U-LTE contenders to balance
the transmission times, to enable a resource allocation that maximizes the throughput
achievable by all nodes contending over the channel. The variables being maximized
are the channel occupancy time for Wi-Fi and U-LTE, subcarrier allocation for UEs
and power for U-LTE. The fact that on average Wi-Fi networks achieve equal chan-
nel occupancy because of the 802.11 contention protocol. A relationship between the
average channel occupancy in time and the PHY rate performance for Wi-Fi is given
as:
SWi =
tW
KW
RWj (2.8)
RWj is the instantaneous transmission rate for Wi-Fi standard, KW represents the
number of Wi-Fi stations, tW being the time of successful transmission and S
W
i is the
average throughput.
For LTE-U, it is given as:
SLk = tLR
L
k (2.9)
RLk is the instantaneous throughput of user k, tL being the time of successful trans-
mission and SLk as the average throughput. The optimization problem is formulated
from a derivation which divides into 3 subproblems. However, two of the subproblems
are of importance to their proposed solution. The first is the channel occupancy time
ratio between Wi-Fi and U-LTE and second the resource allocation for LTE-U. The
goal is to maximize the utility functions. The minimum TXOP for U-LTE in their
work is 10ms. No binary exponential backoff response to collision or HARQ NACK is
employed. In being able to obtain the occupation ratio for Wi-Fi and U-LTE networks,
U-LTE is assumed to be able to sense a collision immediately. A search is carried
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out to maximise the channel occupancy of both RATs to the optimal configuration of
channel occupancy. With U-LTE having not means to respond to collision, it makes it
more aggressive based on their approach. The size of the sensing window, which is the
time the U-LTE waits for the channel to be idle before attempting to transmit, largely
influences the time occupation ratio. The optimal sensing window is found to reduce
as the number of Wi-Fi STAs increase. Their approach gives a balance in channel
occupation by increasing the sensing window but maintain a non-increasing contention
window. To achieve proportional fairness, when U-LTE UEs increases, the LTE-U BS
needs higher occupation time.
2.8.4 Optimizing Contention and Non-Contention Periods
The adaptive duty cycle mechanism have been explored to a substantial extent as a
prospective solution to enable fair coexistence. However, some research efforts have
proposed innovative solutions in optimizing the contention and non-contention periods.
In [13], their solution adapts the periodic division based on user density, traffic load, and
service requirement. Depending on the number of users required to access the channel
during the contention period, the more users there are the larger the contention period
must be in order to allow fairness. However, solutions to estimating the number of
users over the channel in a coexistence scenario is still an area which have had little
attention. Their results show that having a time or period orientation in optimizing
allocation allows significant improvement in spectrum utilization and consequently the
throughput with over 20% improvement even with a high number of users.
2.9 Parameters for Improving Performance and Fairness
Parameters within different channel access schemes adopted for coexistence have been
shown to be crucial is enabling fairness.
2.9. Parameters for Improving Performance and Fairness 34
2.9.1 Sensing Threshold
The sensing threshold has been identified as one key parameter which influences the
performance of coexisting RATs. In [23], the authors identified that cross-technology
energy detection (ED) can be imperfect at lower thresholds thus potentially raising
more hidden node problems, thus causing unstable network throughputs. A weaker
detected signal below the ED threshold for Wi-Fi can still affect the performance of
Wi-Fi transmissions. The better the detection probability for either of the coexisting
RATs, the more favourably will be the transmission of the other RAT with lesser
detection probability. This is because with better signal detection, the RAT will defer
transmission thereby avoiding collision and improving system throughput. The effects
of changes in energy detection is smaller in LTE-LAA compared with Wi-Fi. Thus,
combining a reduction in ED threshold and reducing the TXOP from 8ms is critical to
improving fairness [38]. Also in [24], their work showed analytically that using a higher
sensing threshold and lower channel access probability can achieve fair coexistence while
the reverse also achieves the same outcomes.
2.9.2 TXOP Opportunity and Duty Cycle
It was clearly shown in [23] in their work implemented with different access priority
classes for LTE-LAA at 2ms and 8ms TXOP that the longer TXOP of 8ms for LTE-
LAA offers significant increase (about 3 fold) in throughput over Wi-Fi, even with
similar modulation schemes and coding rates. The maximum channel occupancy time
(MCOT) is a time parameter which limits the maximum transmission duration, which
can be taken by a node during a channel access opportunity. A significantly longer
MCOT can cause longer access delay and also channel access [38]. The time difference
in data transmission and acknowledgement are also different in LTE-LAA and Wi-Fi.
This can have an impact on the throughput as a transmitted data with errors which
requires retransmission will be delayed by the time difference and may increase the
overall delay in completing that transmission. There are issues in LTE-LAA such as
frame alignment and reservation signal which further impact the throughput and delay.
An additional overhead is incurred in LTE-LAA for these procedures [38]. In [23], their
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work showed that the TXOP of LTE-LAA is a key parameter which gives it better
throughput performance over Wi-Fi. The ability to cease the channel for a period of
time more that other competing users of the channel makes significant difference to fair
spectrum sharing both in the frequency domain and time domain of the spectrum.
2.9.3 Contention Window Size
In [14], contention window size is seen as a parameter to maximize throughput. How-
ever, this can be at the expense of performance degradation in other RATs. The
protocol behaviour in selecting a contention window in LTE-LAA and Wi-Fi are differ-
ent. For Wi-Fi every collision triggers an increase in the CW size while in LTE-LAA,
it is governed by the percentage of HARQ errors experienced within a frame. The
probability of collision increases as the number of contending nodes over the channel
increases. Which could mean the disparity in the measure of fairness increases with
the number of nodes contending over the channel. For LTE-LAA to be more resilient
to errors, a more robust MCS is used but at the expense of the actual data received.
So, there is a compromise in aiming to enforce a strict regime with respect to errors
measured and the potential throughput, which can be achieved at a higher MCS. The
fact that LTE-LAA only support downlink transmission means the contention by LTE-
LAA networks are lower compared to Wi-Fi. Control signals sent through the PCell in
LTE-LAA also reduces the amount of contention from LTE-LAA [38]. However, with
eLAA, contention in the uplink is introduced.
2.9.4 Signal to Interference Ratio Threshold
In [32], an optimal SIR threshold is proposed to improved performance between Wi-
Fi and U-LTE. As SIR threshold increases, the spatial throughput improves however,
only to a point. A reduction in spatial throughput begins to be experienced as the
coverage probability reduces as SIR threshold increases. Therefore an optimal threshold
is required to maintain optimal performance for U-LTE and Wi-Fi without affecting
each others performance.
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2.9.5 Sensing Window
In [4], they show that finding an optimal sensing window can improve channel occu-
pation time. The optimal sensing window however needs to change as the number of
Wi-Fi or LTE-U STAs and UEs respectively increases.
2.10 Research Gaps in the State of the Art
2.10.1 Node or User Number Estimation Methods or Techniques
The concept of fairness among coexisting RATs in unlicensed bands have been given.
As well as, the types of fairness approaches. However, considering the very nature of
the word fairness; a true sense of fairness in the context of the work in this thesis,
demands the ability to measure and quantify the various fairness metrics already iden-
tified, by individual nodes i.e. user devices or network access nodes. Hence, the ability
to estimate the number of nodes contending over the unlicensed spectrum is even more
crucial than ever before. However, this has received very little attention in research ef-
forts so far. In [13] the authors confirmed the fact that many of the proposed solutions
to achieving fair coexistence require knowledge of the number of Wi-Fi and U-LTE
nodes contending on the channel. But these numbers are mostly assumed to be known.
Therefore, in ensuring a realistic and practical fairness scheme, the research gap to node
number estimation need to be addressed. In [11], the authors adopt a similar method
used in Wi-Fi networks to estimate node numbers for coexisting U-LTE and Wi-Fi
networks, where determining the collision probability has been the basis of estimating
node numbers. One of the known limitations with this method is that such estimates
can vary depending on CW size used. Furthermore, as the conditional collision prob-
ability increases, the less accurate the estimate becomes. Other estimation techniques
have been adopted for estimating nodes in Wi-Fi only scenarios. The authors in [22]
proposed the Extended Kalman Filter (EKF) to enable quick tracking of variations in
the channel occupancy thereby improving the accuracy of the estimation. However, the
improvements reported are at the expense of large increase in node numbers compared
to a gradual increase in node numbers which will be a more typical case. In [39], the
2.10. Research Gaps in the State of the Art 37
authors approached the estimation problem using batch and sequential bayesian tech-
niques in a bid to manage the computational burden of some estimation algorithms.
Using Monte Carlo samples from large data sets, a marginal distribution is obtained.
Both prior and conditional posterior distributions provide these samples. Using the
Gibbs sampler and the Sequential Monte Carlo (SMC) the average mean-square er-
ror results in [39] show some improvement over competing techniques. However, their
proposed maximum a posteriori algorithm trade-off accuracy to reduce computational
complexity. The authors in [40] proposed an estimation technique by analysing the
average idle slot interval. In doing this, three thresholds are determined to track the
variation in the node numbers on the network. Based on empirical data, the average
idle slots are obtained and a formula is provided, obtained partly from the delay model
derived within [40]. The node number estimation is performed based on the measured
average idle slot and the threshold it falls under. The estimate of node numbers in [40]
comes with a large variance in the number of nodes and remains insensitive to smaller
increases in node numbers on the network. Therefore, the research gap of estimating
node numbers by technology-neutral techniques needs to be addressed. The common
resource shared by all RATs coexisting in the unlicensed bands is the spectrum. Chan-
nel sensing is a requirement in most regions of the world before transmission over a
channel in unlicensed bands. This provides useful information which can be used to aid
node number estimation and a channel access scheme towards fair time-based resource
sharing. This forms part of the contributions presented in following chapters.
2.10.2 Distributed Practical Solutions to Achieving Fairness with Min-
imal or No Overheads
Several existing fairness approaches for U-LTE coexisting with Wi-Fi have focused on
achieving TF by all coexisting nodes on the same channel [15,24,32]. The difficulty in
achieving any realistic TF between these disparate networks is that real-time knowledge
of the current throughput per node is not trivial. Each RAT has its own standard and
information messaging across the systems requires knowledge of each systems’ technol-
ogy. Such an approach is not scalable when other systems such as 5G become part of the
contenders for the unlicensed spectrum. Also, such exchange of information through
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inter-system signalling, increases the traffic overhead across all systems thereby reduc-
ing the achieved throughput by each node. Therefore, with these primary limitations
of attaining any throughput fairness, achieving some form of fairness between differ-
ent RATs in a scalable and realistic way is still a great need. Channel access fairness
schemes based on fairness metrics, have been investigated in the literature. In [2], the
probability of accessing the channel by each technology constitutes the metric of interest
for measuring fairness. The authors demonstrated that the accuracy of channel access
fairness in real-time is limited due to the possibility of multiple nodes transmitting at
the same time. Max-Min fairness at the user-level was proposed in [12] for resource
sharing. From the three methods i.e. traffic oﬄoading, resource sharing and hybrid in-
vestigated, resource sharing is the method relevant to the work presented in this paper.
The algorithm developed allows the AP with the highest capacity to cede time slots to
other devices or nodes contending for the channel till the minimum average throughput
is maximized. This is not practical in a distributed context without messaging, and
can only be achieved if centrally managed. In [35], Min-Max fairness constituted one
of the parameters of the cooperative model using a coalition game. The goal of fairness
in their work was to minimize the maximum dissatisfaction. Again, to enable coopera-
tion, information exchange between the different RATs and networks is required. The
authors in [41] also allude to the fact that the cost of cooperation through information
exchange, rises as the number of players within a coalition increases. Coexisting tech-
nologies share the spectrum channel resource in a time manner and TBF approaches
have been discussed earlier. In [42] the authors proposed a channel occupancy time
(COT) adaptation algorithm which adapts the LTE-LAA COT to the maximum A-
MPDU time. The solution however requires a Wi-Fi AP collocated within the eNodeB
which may not be the case for all deployments. In [3], a proportional fair time allocation
scheme is proposed. The scheme combines adjusting the channel access probability and
the transmission time to enable fairness. However, the proposed fairness scheme in [3]
assumes that the number of nodes contending for the channel is known apriori. Several
approaches assume knowledge of system parameters and channel access protocols in
their solution to achieving fairness. Even with centralized approaches, which contain
U-LTE and Wi-Fi interfaces in one node, there is still need for a distributed approach
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in practically attaining fairness to allow room for future RATs which may come into
the unlicensed spectrum thereby allowing scalability. In this thesis, the TBF resource
sharing scheme proposed tackles this gap in the state of the art.
2.11 Conclusion
In this chapter, a literature review of the issues, metrics and approaches used in evaluat-
ing and proffering solutions to enable fair coexistence or fair resource sharing have been
presented. While several approaches have been proposed, it is clear that time-based
solutions provide better performance in terms of improving spectrum utilization and
system performance. However, what is still needed are practical solutions which can be
implemented to achieve TBF. Also, it will be difficult to achieve coexistence fairness in
the true sense because of the varied system performance capabilities and protocols. A
fair resource sharing approach seems more feasible and practical for coexisting RATs,
especially when scalability is required as future networks also operate on the unlicensed
bands.
Chapter 3
Node Number Estimation for Coexisting
Radio Access Technologies in Unlicensed
Bands
3.1 Introduction
The study of fair sharing of the unlicensed spectrum by coexisting RATs have been
reviewed in the previous chapter. Also, research gaps in the state of the art have
been identified. In the case of co-channel spectrum sharing, many of the proposed
fairness schemes such as in [2, 11, 43] require the knowledge of the number of active
users or nodes contending on the unlicensed channel. In a multi-technology scenario,
where different channel access protocols are used, the dissimilarity in accessing the
channel poses a challenge in estimating the number of nodes contending to transmit.
Therefore, a technology or protocol neutral approach to estimating the number of nodes
on a channel is required. The main contribution in this chapter, is the design of a novel
node number estimation method using the uniform difference distribution, which allows
tight estimation even with small increase in node numbers within a multi-technology
scenario.
Node number estimation has historically been a problem associated with WLANs op-
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erating in the unlicensed bands. This has not been the case for cellular systems such as
4G LTE because each LTE network operates over a dedicated licensed channel and the
number of User Equipment (UE) attached to an eNodeB Base Station (BS) are known.
But as LTE-LAA begins to operate also in the unlicensed bands, an estimate of the
number of WLAN and LTE-LAA nodes is considered a pre-requisite for operation of
several fair spectrum sharing techniques proposed in literature.
The limitations of proposed node number estimation techniques so far, have been dis-
cussed in the previous chapter. A summary of the limitations encountered with these
techniques are highlighted. In [11], a fair listen-before-talk (LBT) mechanism is pro-
posed allowing estimation of the number of WLAN nodes by determining the collision
probability. One problem with estimating node numbers by collision probability is that
the number of nodes estimated is subject to the contention window (CW) size at which
the collisions are measured, i.e. measuring the collision probability within a different
CW size will give a different estimate of node numbers. The authors in [22] proposed
the Extended Kalman Filter (EKF) to enable quick tracking of variations in the channel
occupancy, thereby improving the accuracy of the estimation. However, the improve-
ments reported are at the expense of large increase in node numbers compared to a
gradual increase in node numbers which will be a more typical case. In [44], the authors
approached the estimation problem using batch and sequential bayesian techniques in
a bid to manage the computational burden of some estimation algorithms. However,
their proposed maximum a posteriori algorithm trades-off accuracy to reduce compu-
tational complexity. The authors in [45] proposed an estimation technique by analysing
the average idle slot interval. In doing this, three thresholds are determined to track the
variation in the node numbers on the network. The estimate of node numbers in [45]
comes with a large variance in the number of nodes and remains insensitive to smaller
increases in node numbers on the network.
As much as is known, no detailed work has been done, on estimation of node numbers
for coexisting RATs in unlicensed bands. In this chapter, a novel estimation method
using the uniform difference distribution for nodes contending within the same CW
and multiple CWs is presented.
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Figure 3.1: LTE-LAA and Wi-Fi Channel Contention showing Transmission Interval
3.1.1 System Model
The channel access processes or procedures used by both technologies utilize the concept
of the CW, whereby a range of integers within the CW are randomly selected via a
uniform distribution as a precursor to transmitting over the channel when the channel
is being contended for by other nodes. The difference between the selected integers
within the CW by each contending node results in another distribution [46]. The
distribution can be obtained by the uniform difference distribution. Figure 3.1 show
the channel contention between LTE-LAA and Wi-Fi where the idle slots represent the
intervals between transmissions. The difference in the selected integers by the difference
nodes reflects the idle slot times between transmissions by the different nodes. Under
saturated traffic conditions, monitoring the interval between transmissions in slot time
over the unlicensed channel creates a statistical distribution with parameters which give
an indication of the number of nodes actively contending for the channel. Compared to
previous works on estimation of the number of contending nodes, the proposed method
in this work offers the advantage of estimation within a multi-technology coexistence
environment with better accuracy and a tighter estimate of node numbers. Another
benefit of our estimation method is that this can be implemented on existing LBT-based
RATs in deployment by software and not requiring addition hardware interfaces.
Each spectrum channel can be divided into time blocks which are known as slot-time.
In LTE-LAA and some IEEE 802.11 standards, the slot-time are the same at 9us. Hav-
ing the same slot time by coexisting RATs is crucial for our proposed node estimation
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method. The slot time is the time the nodes must wait each time the back off counter is
to be decremented by an integer i.e. (CW −1). It is assumed that both system backoff
counters decrement in an aligned manner whenever no transmission is detected. First
the estimation of nodes within similar CWs for both technologies is shown in this chap-
ter. Similar sizes for each backoff stage apply to both RATs, which increases following
a binary exponential sequence whenever a transmission is considered to have collided
with another transmission. The random backoff process is done base on selecting a ran-
dom number uniformly distributed within the current CW . For any discrete uniform
distribution, it has a constant probability within a range of values. For a CW range
of [0, CW − 1] where 0 and CW − 1 are the lower and upper limits of the contention
window, the probability of selecting any integer within the range is given as 1CW . As
the backoff stage increases due to collisions, the probability decreases within the next
CW size, which is given as 12sCW . The mean of the CW can be written as:
µCWs =
(2sCW − 1)
2
(3.1)
Where µCWs is the mean of the discrete uniform distribution for the backoff stage CW
size. When only one node is contending on the channel, the main delay in transmission
for that node is subject to the selected random backoff number within the CW size i.e.
dtxw,i = nbo · Tsl. Where dtxw,i is the transmission delay for a Wi-Fi node (also applies for
LAA as dtxl,i. However, when multiple nodes contend within the same CW, the delay in
transmission by a node nw/l,i is influenced by the transmission of other nodes based on
their selected nbo and the length of transmission.
The constant probability of a uniform distribution means that the mean delay in trans-
mission for all contending nodes within the same CW will be similar if the transmission
time Ttx taken by each node are the same. Also, if the average Ttx is known, the av-
erage delay dtxw,i and d
tx
l,i is directly proportional to it. However, since a scenario where
all nodes have variable transmission time is considered, it means the actual delay in
transmission for each transmission cycle will be variable. A transmission cycle is the
process of successive transmission by an individual node. But in the case where the
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variability of the transmission time for each node cannot be predicted, therefore, the
time interval between each transmission over the channel to estimate node numbers is
considered.
3.1.2 Network Model
The proposed estimation is evaluated using the 3GPP indoor scenario for evaluating
LTE-LAA coexistence of similar RATs or two different RATs deployed by two operators
coexisting on the same channel [31]. Similar scenario was used in [23]. Figure 3.2 shows
an example of the layout of the nodes. In the figure four small cells are operated by two
different operators, which are aligned and centred along the longer dimension of the
building. The separation of the APs in the case of Wi-Fi and BSs in the case of LTE-
LAA are pre-determined but uniformly spaced across nodes from the same operator.
The STAs and UEs are randomly dropped within the coverage area within the building.
User device association or attachment is based on the proximity to the access node for
each technology. A case where traffic is received in the downlink only is considered,
but could also be extended in the uplink as well. The transmission power for the access
nodes is the same given as PL for LTE-LAA and PW for Wi-Fi. The ITU InH path
loss channel model is used. In the case of Line of Sight (LOS), which is the case in our
chosen network model, equation 3.2 is applicable when 10m < d1 < dBP [47].
PL = 22.0 log10 d+ 28.0 + 20 log10 fc (3.2)
Where d denotes the distance between the access node and the user device while fc
denotes the centre frequency of the channel. dBP is the breaking point distance.
3.1.3 Wi-Fi MAC Model
The Wi-Fi system runs the Distributed Coordination Function (DCF) mechanism based
on the 802.11 standard. In order to transmit over the unlicensed channel, the Wi-Fi
device must contend for the channel by selecting an integer randomly within a CW
which is known as the backoff (BO) time. During the BO period if transmission is
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Figure 3.2: 3GPP LTE-LAA+Wi-Fi Coexistence Indoor Network Model
detected over the channel above the carrier sense threshold wcs or the energy detection
threshold wed, the BO counter is paused until the channel is sensed to be idle again
and then continues decrementing the BO counter. The node senses the channel for a
set period known as the DCF Inter-Frame Space (DIFS) before transmitting and after
transmitting before running through the BO counting process again. The contention
begins with the smallest CW size and increments exponentially whenever a collision
is detected which is represented as CWs = (0 − 2sCWmin). CWmin is the minimum
contention window size. The maximum contention window CWmax = 2
sCWmin when
s = m where s represents the exponential backoff stage and m is the maximum backoff
stage. The stationary transmission probability τw under saturated traffic conditions for
a Wi-Fi device is given in [48] as:
τw =
2(1− 2p)
(1− 2p)(2sCWmin + 1) + p2sCWmin(1− (2p)s) (3.3)
where p is the independent collision probability. This equation is reduced when the
backoff stage is not incremented i.e. no collision to
τw =
2
(2sCWmin + 1)
(3.4)
Taking the number of Wi-Fi nodes to be Nw, the channel idle probability Pq influenced
by the DCF mechanism is a function of all nodes and devices not transmitting over the
channel which can be written as:
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The collision probability for Wi-Fi devices can also be written as:
p = 1− (1− τw)(Nw−1) (3.5)
3.1.4 LTE-LAA MAC Model
The 3GPP release 13 physical layer procedures technical specification [49], specifies
the downlink channel access procedures for LTE-LAA. On selection of a carrier for
transmission of the physical downlink shared channel (PDSCH), the eNodeB (eNB)
senses the channel to be idle for a period known as the defer duration Td. After
this, a uniformly distributed random number Nrd is chosen from a CW size and if
the channel is sensed to be idle the number is decremented by Nrd − 1 after each slot
period Tsl; the eNB may transmit over the channel when Nrd = 0. The time Td and
Tsl have minimum values of 16us and 9us respectively. The channel access procedures
are governed by priority classes, which defines the minimum and maximum CW sizes
and the TXOP. These parameters and their corresponding values are given in table
3.1. The CW adjustment is based on detecting 80% HARQ-ACK as NACKs in the
reference subframe. The next higher CW size is chosen within the priority class. The
maximum energy detection threshold lth−max when coexisting with other systems such
as Wi-Fi is governed by the equation:
lth−max = max

−72 + 10 log10 10(BWMHz/20MHz)dBm,
min

Tmax,
Tmax − TA + (PH + 10 log10 10(BWMHz/20MHz)− PTX)
(3.6)
Where TA could be 10dB or 5dB for transmission of PDSCH or discovery signal trans-
mission respectively. PH is 23dBm and PTX is maximum output power of eNB.
Tmax = 10 log10 10(3.16228.10
−8(mW/MHz) ·BWMHz(MHz)) (3.7)
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Table 3.1: Channel Access Priority Class
Channel Access Priority Class CWmin,p CWmax,p Tmcot,p AllowedCWpsizes
1 3 7 2ms 3,7
2 7 15 3ms 7,15
3 15 63 8 or 10ms 15,31,63
4 15 1023 8 or 10ms 15,31,63,127,255,511,1023
The 80% HARQ-ACK NACK enables resilience on the LTE-LAA system to transmis-
sion interference. The reason for this is that a number of factors are responsible for
errors in transmitted frames. This could be related to the modulation coding scheme
(MCS) used and the channel conditions which can cause errors in the decoded frame
transmitted. Also, additional error correction bits could be included in the frame to
allow the data to be decoded correctly [50]. Therefore, the LTE-LAA channel access
procedure follows a more robust procedure compared to the 802.11 standard with re-
spect to increasing CW sizes. In [2] the U-LTE with binary exponential backoff model
given had four exponential backoff stages, however, according to the channel access
priority class 4 in release 13, seven backoff stages are available.
3.2 Node Number Estimation Within Same Contention
Window
Each node contending for the channel is denoted by its random backoff as independent
discrete random variables X1, . . . , Xn with a uniform distribution already described
above. Each random backoff variable represents a node contending for the channel.
For nodes contending within the same CW have similar probability mass functions
(pmf) which is the probability of selecting an integer within the range of values in the
CW .
fXi(x) = P (Xi = x) =
1
CW
(3.8)
Where x is an integer randomly chosen within CW . The expected value E(Xi), which
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stands for the mean of the random variable is associated with the pmf and is given as:
µ = E(Xi) =
∑
xCW
xfXi(x) (3.9)
The cumulative distribution function Fxi for the uniformly distributed random variables
is given by the formula:
Fxi(x) = P (Xi ≤ x), 0 ≤ x ≤ CW − 1 (3.10)
It is important to note that generally, the difference between n independent random
variables also gives rise to a convoluted distribution. Similar formulation exists for the
uniform sum, product and ratio distributions.
The general case of the uniform difference distribution will be:
Y = X1 −X2 −X3 − · · · −Xn (3.11)
Where Y is the distribution of the difference of all random variables within the same
CW . The uniform difference distribution between two random variables X1 & X2 is
given by the expression:
Y = X1 −X2 (3.12)
Considering the discrete case, the cumulative distribution function of Y in equation
(3.12) is:
FY (y) = P{Y ≤ y} = P{X1 −X2 ≤ x} (3.13)
In this model, in order to estimate the number of nodes on the channel, analysing the
distribution of the time interval between transmissions using equation (3.11) requires
knowledge of the randomly selected integers by each node. Because that is not possible,
a more practical and feasible approach to this challenge is considered. The nature of
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the uniform distribution creates a symmetry between all nodes contending within the
same CW . This means that all nodes have equal probability to select a higher integer
within a transmission cycle compared with others. Practically, when the highest nbo is
chosen by a node in relation with others, it experiences the highest number of preceding
transmissions before its own and consequently the highest delay in transmission. This is
important for our model because the time interval between each successive transmission
after the first transmission is detected, and the following consecutive intervals during
each transmission cycle, till the reference node creates the probability distribution of
interest. The probability that a reference node selects a greater random integer is
expressed as:
P{Xi > Xj , . . . , Xn−1} i 6= j (3.14)
The joint pmf of nodes Xj when P{Xi > Xj , . . . , Xn−1} follows the condition:
P{Xi > Xj , . . . , Xn−1} 0 ≤
x−1∑
1
f{Xj ,...,Xn−1} < FXi(x) (3.15)
The larger the number of nodes contending within the same CW size, the lower the
joint pmf. When the highest integer by Xi is selected, it sets the upper limits for the
other random variables. The support (set of integers) for Xj , . . . , Xn−1 is then given
as:
SXj = {0, . . . , Xi − 1} (3.16)
However, based on the independence of the random variables, the joint pmf of all nodes
contending for the channel within the same CW is given as:
f(Xi,Xj ,...,X(n−1)) = P{X = xi, Xj = xj . . . Xn−1 = xn−1}
= (
1
CW
)n
(3.17)
Because here, all nodes contending within the same CW are considered, it means that
they each have the same support which is SXn = {0, . . . , (CW − 1)}.
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To obtain the probability that reference node Xi selects a greater backoff integer to
Xj , . . . , Xn−1 is given by the formula:
P{Xi > Xj , . . . , Xn−1} =
∑
SXn−1
· · ·
∑
SXj
fXifXj , . . . , Xn−1 (3.18)
Using equation (3.18) and replacing the joint pmf with the marginal pmf ofXj , . . . , Xn−1
in (3.18), it is obtained as:
P{Xi > Xj , . . . , Xn−1 | Xi = x} =
CW−1∑
0
· · ·
x−1∑
0
fXi(x)fXj (x) · · · fXn−1(x) (3.19)
Where x is an integer within {0, . . . , (CW − 1)}. It is found that within the same CW
with all contending nodes, the higher the random backoff integer x selected by Xi the
larger P{Xi > Xj , . . . , X(n−1)} is. The probability P{Xi > Xj , . . . , X(n−1)} means the
reference node performing the node number estimation can be used to estimate the
distribution of the transmission intervals of all other coexisting nodes within the same
CW . When probability P{Xi > Xj , . . . , X(n−1)} is under consideration, because of
the uniform distribution of the random backoff integer selection, nodes Xj , . . . , X(n−1)
have a symmetry which allows any of the nodes to have equal probability in taking
any position in ascending order of randomly selected integers in support S(Xj). With
this property of the uniform distribution under such conditions, the uniform difference
distribution with a step by step approach can be obtained. Equation (3.11) gives a
single random variable Y . This cannot be used directly in our model for obtaining the
distribution of the transmission intervals. However, because the actual random back-
off values selected by other nodes are not known; what is known is the transmission
interval in time whereby its distribution is indicative of the node numbers. Therefore,
a relationship between the distribution density of the transmission intervals in time
to the node numbers is built. As mentioned earlier, interchanging the randomly se-
lected integer in ascending order or descending order for all other nodes have the same
probability i.e.
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P{X2 > X3 > X4 > · · ·X(n−1)}
= P{X(n−1) > X(n−2) > X(n−3) > · · ·X2} . . . . . .
= P{X(n−1) > X2 > X4 > . . .X3}, Xi > Xj , . . . , X(n−1) (3.20)
From equation (3.20), it is written for each case in descending order for all nodes in
Xj , . . . , X(n−1) when each node has had a preceding transmission before the next highest
randomly selected integer. For instance, if 4 nodes are contending within the same CW ,
and node X1 is the reference node estimating the node numbers, to compute the uniform
difference distribution when P{X1 > X2, X3&X4}, different sequences based on random
backoff integers selected are encountered. Such as, {X2 > X3 > X4}, {X2 > X4 > X3},
{X3 > X2 > X4}, {X3 > X4 > X2}, {X4 > X2 > X3}, {X4 > X3 > X2}. All these
sequences have the same probability of occurring when P{X1 > X2, X3&X4}.
For each case of the sequence, the uniform difference distribution is represented as,
{X1 − X2 − X3 − X4 | X2 > X3 > X4}, {X1 − X2 − X4 − X3 | X2 > X4 > X3},
{X1 − X3 − X2 − X4 | X3 > X2 > X4}, {X1 − X3 − X4 − X2 | X3 > X4 > X2},
{X1 −X4 −X2 −X3 | X4 > X2 > X3} and {X1 −X4 −X3 −X2 | X4 > X3 > X2}.
To obtain the uniform difference distribution Y of two random variables X1 −X2, the
joint pmf as fX1X2(x1x2) is taken. Where x1&x2 have the same support SXn being in
the same CW .
then denote the cdf of Y as:
FY (y) = P{Y ≤ y} = P{X1 −X2 ≤ y} (3.21)
rewriting equation (3.21) as P{X1 ≤ Y +X2}. The cdf FY (y) is computed as:
x2∑
0
Y+X2∑
0
fX1X2(x1, x2) (3.22)
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In order to obtain the pmf of the distribution, the derivative of the cdf is obtained
which is:
d
dy
FY (y) =
x2∑
0
d
dy
Y+X2∑
0
fX1X2(x1, x2) (3.23)
Which gives:
x2∑
0
fX1X2(Y +X2, x2) (3.24)
When X1 and X2 are independent, which is the case in this model, the pmf fY (y) is:
x2∑
0
fX1(Y +X2)fX2(x2) (3.25)
Equation (3.25) is the convolution of the pmf of both random variables X1 & X2 which
gives the pmf of the uniform difference distribution for X1 & X2. For an additional
random variable X3 in the uniform difference distribution will be the convolution of
the pmfs of X1 - X2 and X3. The mean of the pmf of the uniform difference of the
random variables give an estimate of the nodes contending over the channel.
3.3 Node Number Estimation across Multiple Contention
Windows
In this section, an extension of the node estimation method to cover nodes contending
for the channel across multiple CWs is proposed. The different stages of contention
window increases by a binary exponential sequence given as 2sCW . Where s is the
backoff stage. The expression for the mean of the discrete uniform distribution is
already given in equation (3.1). Across different contention windows, the pmf of each
CW are different.
fsxi = P (Xi = x) =
1
2sCWs
(3.26)
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Equation (3.26) shows the pmf in each contention window. The expected value and
the cdf of a node contending within a particular CW (represented as a uniform random
variable) can be similarly written as:
Es(Xi) =
∑
xCWs
xfsxi(x) (3.27)
F sXi(x) = P (Xi ≤ x), 0 ≤ x ≤ CWs − 1 (3.28)
Equation (3.27) and (3.28) represent the expected value and cdf respectively. Intu-
itively, unlike the case of the same CW where the mean idle time intervals across
transmissions are similar, the mean idle time interval between transmissions across
different CW will vary. In writing an expression to model the uniform difference dis-
tribution of the random variables across multiple contention windows, as mentioned
earlier, the pmf for each CW is different from the preceding CW by a weighted factor
of 0.5. For instance, if two nodes are contending at CW0 and CW1, the first node
contending within CW0− 1 on average will have twice as many opportunities to access
the channel compared with the second node contending within CW1−1. The difference
in the means between two nodes contending across different CWs is given as:
µCWb − µCWa =
(2bCW − 2aCW )
2
b 6= a (3.29)
Where b and a are individual backoff stages.
In order to consider the transmission activity of all contending nodes on a given channel
at different CWs, the reference node performing the node number estimation will be
required to contend for the channel at the maximum backoff stage while performing the
node estimation. If a node contending at CW0 and the reference node at the maximum
CWm where m represent the maximum backoff stage, the average preceding access to
the channel of a node contending at CW0 over the reference node at CWm can be
written as:
γ =
fmxi
fsxi
m 6= s (3.30)
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Where γ is the weighted factor at which a node at a lower CW can access the channel
over the reference node performing the node estimation. The dissimilarity in the mean
interval between transmission for nodes contending across multiple CW suggest that
using merely the uniform difference distribution as shown in the previous subsection
to estimate the number of nodes will not be adequate. Therefore, to measure the
total mean of the mean intervals in transmissions when the reference node selects the
maximum backoff number in relation to the other nodes, the sum of random variables
to obtain the mean of the sum of the interval between transmissions is applied. This
creates a vivid measurable quantity which can give an indication of number of nodes
contending over the channel. The dissimilarity of the distributions of the interval
between transmissions also means the pmf of these distributions are also different.
However, the sum of the random variables within these distributions need not have the
same pmfs. The multiple CW scenario mean each node depicted as a random variable
will have different supports based on the CW size. The support of an individual uniform
random variable is given as:
SsXn = {0, . . . , (Xn − 1)} 0 ≤ x ≤ CWs − 1 (3.31)
The joint pmf of all nodes contending at different CW can be written as:
f(Xi,Xj ,...,X(n)) = P{X = xi, Xj = xj . . . Xn = xn}
=
1
CW isCW
j
s . . . CW
n
s
(3.32)
The uniform difference distribution of two uniform random variables where X1 and Xm
have a joint pmf as fX1Xm(x1xm) with different support.
The cdf of the uniform difference distribution denoted as Y is given as:
FY (y) = P{Y ≤ y} = P{X1 −Xm ≤ y} (3.33)
Rewriting equation (3.33) it gives P{X1 ≤ y +Xm}. The cdf FY (y) is then computed
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as:
x2∑
0
Y+Xm∑
0
fX1Xm(x1xm) (3.34)
The pmf is then obtained by finding the derivative of the cdf which is:
d
dy
FY (y) =
x2∑
0
d
dy
Y+Xm∑
0
fX1Xm(x1, xm) (3.35)
As the number of nodes which are independent uniform random variables increases, to
obtain the uniform difference distribution, it will be the convolution of Y with each
uniform random variable.
The expected values of the uniform difference distribution is given as:
E(Y ) =
∑
yCWm
y
d
dy
FY (y) (3.36)
As mentioned earlier, to estimate the node numbers contending across multiple CWs,
the sum of the individual distributions of the intervals between transmissions are con-
sidered. It is important to note that the mean of the sum of the individual intervals in
transmission when the reference node selects the highest backoff integer is equal to the
sum of the individual means of transmission interval which is:
E(Y ) = E(X1 −X2) + E(X2 −X3) · · ·+ E(Xj −Xn) (3.37)
The sum of the expected values of the uniform difference distribution indicates the
number of nodes contending over the channel.
3.4 Numerical and Simulation Results
Numerical and simulation results are presented to show the validity of the proposed
node number estimation method. The numerical results where obtained using MAT-
LAB while the simulation results where obtained using the ns3 simulator. The ns3
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Figure 3.3: Mean of Distribution of Idle Time Interval Between Transmissions Based
on Node Numbers contending within Same CW
simulations were consistent with the system and network model presented earlier. The
parameter of interest in evaluating the distribution of the idle time intervals in order
to estimate the node numbers is the mean. A defertime of 43µs, energy detection
threshold of -62dBm, TXOP of 8ms and CW update of any HARQ NACK are used for
LTE-LAA simulation parameters while Wi-Fi follow the 802.11n standard. The results
in figure 3.3 for nodes contending within the same CW for two CW sizes of 128 and 256
are shown. The numerical results for nodes contending within the lower CW are close
to the simulation results. The little difference is believed to be caused by the difference
in defer time for LTE-LAA and DIFS for Wi-Fi. The effect of this difference reduces
as the number of nodes increases, which reflects the benefits of using the mean of the
uniform difference distribution. The numerical results for the higher CW is almost the
same as the simulation results. This is due to the fact that at higher CW, more idle
time intervals are measured and the effects of the defer time and DIFS are much less.
Also, the mean over large values reduces the effect of those differences. Figure 3.4 show
results for nodes contending within a mixed CW. In this case as expected, slightly less
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Figure 3.4: Mean of Distribution of Idle Time Interval Between Transmissions Based
on Node Numbers contending in Mixed CWs
closeness is measured between the analytical and simulation results. However, a decent
estimate can be made, especially when compared with proposed methods in the state
of the art with much higher variations. The results for 10 nodes in figure 3.4 is the
case because of likely imperfect sensing due to hidden node problem, which affected
the sensing of idle intervals. Otherwise, the results for 2 and 20 nodes reflect similar
trend with the results from the same CW. The trend being the fact that more accuracy
is measured with increasing node numbers due to the reduced effects of defer time and
DIFS differences. In all cases, node number estimation could be completed under 60
seconds. The accuracy of our estimation method is better compared to other proposed
methods because it does not require large thresholds to determine node numbers within
a range but uses a much smaller margin for estimation thereby increasing accuracy.
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3.5 Conclusion
In this chapter, a novel method for estimating the number of actively contending nodes
under a multi-technology coexistence scenario operating in unlicensed spectrum is pre-
sented. The results are based on a characteristic property of the uniform difference
distribution, which is that the mean indicates the number of nodes actively contending
over the channel. Building a template of the mean, node numbers can be estimated
by obtaining the distribution of the transmission intervals after a period of time. The
proposed method performs better, in accuracy comparing analytical results to the ones
generated from simulations with mostly small deviations. Also a tighter estimate of
node numbers compared to previous works is achieved whereby small numbers of con-
tending nodes can be accurately estimated.
Chapter 4
A Deterministic Approach Enabling
Time-Based Fairness for Coexisting
Radio Access Technologies in Unlicensed
Bands
4.1 Introduction
In the previous chapter, the important requirement of estimating nodes numbers con-
tending over the channel to achieve meaningful and practical fairness solutions was
presented. The work in the previous chapter is applied to the algorithms designed
in this chapter and the next to achieve TBF. In this chapter, the fundamental work
to evaluate the upper bound performance of TBF compared to existing channel ac-
cess protocols is undertaken. The main contribution in this chapter is a deterministic
approach towards attaining TBF in unlicensed bands. The CW is a feature used in
RATs in unlicensed bands which uses a LBT scheme. The deterministic approach in
this case selects a specific integer to backoff its transmission in light of the transmis-
sion activity over the channel rather than select from a range of integers via a uniform
distribution. This is done using the algorithm designed which takes into account the
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number of nodes estimated. A LBT-deterministic backoff (LBT-DB) was also used
in [14], however not evaluating time-based fairness performance. Cognitive radio tech-
nology (CRT) has been an active area of research for many years, but full uptake of this
technology have not been exploited. However, recent activities towards a 5G mobile
communications have received several proposals harnessing the potential of a mobile
communication network with cognitive functions [51,52]. These cognitive functions are
essentially functions required for coexistence in the unlicensed bands which are spec-
trum sensing, spectrum sharing, spectrum mobility and spectrum management [53].
The extremely challenging performance requirements set out for the 5G standard has
necessitated participants in the process to consider the use of multiple spectrum cat-
egories which summarily includes Licensed Spectrum, Licensed Shared Spectrum and
Unlicensed Spectrum [5]. In order to provide the needed capacity for existing and fu-
ture applications, all available spectrum categories will need to be utilized. CRT will
therefore be required to offer all functions mentioned above. As part of the solutions
required to ensure an effective use of all spectrum categories mentioned above, focus
is given on coexistence of cognitive radio (CR) systems in the unlicensed bands. One
key area of study within coexisting networks in unlicensed bands is the fair sharing of
co-channel spectrum which have been discussed in chapter two. Therefore, fairness be-
tween coexisting cognitive radio networks (CRNs) including 5G, will be an important
performance metric which has been a main consideration in most evaluation studies
between Long Term Evolution-Licensed Assisted Access (LTE-LAA) and Wi-Fi coex-
istence in the unlicensed bands.
The CSMA/CA Media Acccess Control (MAC) protocol has been widely applied as an
etiquette protocol for CRs [54, 55]. A TBF model for coexisting radio access networks
in unlicensed bands is proposed and analytically evaluated. As a means to evaluate
the performance of the proposed TBF model, adopted for analysis are the LTE-LAA
and Wi-Fi systems, which coexist in the unlicensed bands. The reason for this choice
is that these systems perform some of the functions of a typical CRN, such as spec-
trum sensing, spectrum management, spectrum mobility and spectrum sharing. On
the 5GHz frequency band in some countries LBT is a requirement, which requires spec-
trum sensing before transmitting. Dynamic frequency selection (DFS) and transmit
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power control (TPC) are also requirements to allow coexistence between wireless access
systems (WAS) where LTE-LAA and Wi-Fi operate [56]. This falls under spectrum
management and adaptability in CRN terms. Also the fact that LTE-LAA channel
access protocols are CSMA/CA-like have been proposed for LTE-LAA [31] with chan-
nel access protocol similar to Wi-Fi makes these two technologies most suitable for the
analysis presented. Lastly, some similarities at the PHY layer have been adopted by 5G
NR consistent to the LTE-LAA PHY layer [57] and enhancements to WLAN standards
such as Wi-Fi have been proposed toward 5G communications [58].
4.2 Time-Based Fairness
Time-based or airtime fairness have been proposed in several works as a performance
metric for evaluating RATs [9,59]. To attain any throughput fairness i.e. approximately
similar throughput measured across different networks, some form of cooperation or
collaboration is required between the networks. This introduces additional signalling
overhead and limits the throughput achievable by the coexisting systems. However,
in this TBF model, attaining airtime fairness is based on the sensing capability of the
coexisting systems and the measured channel occupancy time (COT) by other nodes.
TBF is defined as every active node having equal time of transmission over the shared
spectrum.
A similar definition to fairness was used in [60] for spectrum sharing. According to the
given definition, all active nodes contending to transmit over the channel will eventu-
ally have equal total transmission time. To the best of what is known, evaluation of
LTE-LAA and Wi-Fi spectrum sharing based on channel occupancy time as a fairness
metric has not received much attention in research literature. The authors in [9] attest
that in multi-rate WLANs, TBF under certain scenarios improves the performance of
WLANs. In judging the performance of any system exploiting unlicensed spectrum in
an opportunistic manner, the common resource available to all nodes or devices is their
share in time to transmit across the channel. The greater benefit of TBF performance
is in the overall improvement of spectrum utilization especially under varying channel
conditions. However, the basic TBF approach is not designed to cater for specific user
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throughput requirements and conditions. Consequently, under poor channel conditions
some users may suffer more in throughput degradation using the time-based model
compared to a proportional fair model, while users with better channel conditions ex-
perience better throughput performance. Despite this, the overall spectrum utilization
is maximized. The novelty of our work is the proposed approach in achieving channel
access fairness and the appropriate deterministic value for contention over the channel.
The block diagram in Fig. 4.1, shows the process of achieving time-based fairness in
this model. Passive continuous sensing is required to obtain results of the required
parameters for calculating a proportion of channel access to achieve airtime fairness.
The steps required to obtain results for a proportional airtime share for all coexisting
nodes are given below:
• Estimation of active users over the channel: In the previous chapter, a node num-
ber estimation method is presented. This estimation is crucial in implementing
the TBF approach proposed in this work. This is obtained by the distribution of
empty transmission slots between successive transmission attempts by all active
nodes.
• Estimation of CW of active users: From the work done in the previous chapter.
A estimation of likely contention window of users can be obtained. Through the
probability distribution of the idle slots between frame transmissions obtained
from the probability distribution of the uniform difference distribution, an esti-
mate of the CW for all nodes can be derived.
• Calculate total channel occupancy time: the total time of transmission by all
active nodes over the channel during an observation period.
• Calculate the proportion of time share for transmission: during the next obser-
vation period, deduced proportion of transmission time for reference node based
of cumulative equal time share.
• Calculate the CW required by reference node to guarantee proportional access to
the channel for transmission.
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Figure 4.1: Block diagram showing process of achieving Time-Based Fairness
4.3 System Model
In the analysis presented, a number of distributed CRNs coexisting and sharing the
same unit of spectrum, which is an allocated channel via spectrum management tech-
niques is considered. All nodes in the CRNs perform spectrum sensing before trans-
mitting over the channel. All nodes are equipped with a transceiver for transmission
and reception of signals. All coexisting nodes are denoted as N1, . . . Ni, . . . Nm. All
nodes when not transmitting, immediately begin to sense the channel for ongoing ac-
tivities. The active number of users and the estimated contention of all active users
are determined using methods in the previous chapter and are temporarily stored in
memory by the nodes. The observation time, which could be configurable, is the time
of monitoring the channel to estimate the number of nodes and CW of all users. The
total observation time is given in equation (4.1) as:
Tt = (M − 1)
∑
j 6=i∈(m−1)
Tc +
∑
Tid (4.1)
Where Tt is the total observed period by node Nj which includes the total transmission
time Tc by all other nodes over the channel and the total idle time Tid during the
observed period. Because energy detection is the spectrum sensing method adopted
for the model, a case where primary users (PUs) and secondary users (SUs) coexist
is considered. Therefore every node has equal priority to access the channel when
the channel is idle subject to the CW. To obtain an equal time share in transmission
across the channel for all coexisting nodes, the CW adapts based on the number of
active nodes and contention across the channel. In our model, the CW window is
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determined through our algorithm and can take any range. The maximum value within
the contention window CWmax is chosen as the backoff counter time.
4.3.1 Protocol State Probabilities
An analytical model of the 802.11 distributed coordination function (DCF) protocol
using Markov chains was given in [48], where the packet transmission probability under
saturated conditions i.e. all nodes always having a packet to send) within a selected time
slot is derived. The slot time is the unit of time for decrementing the backoff counter
as long as the channel is sensed to be idle. Two states are considered, the channel busy
state when transmission is ongoing and the idle state when no transmission is occurring.
In order to investigate the baseline performance of time-based fairness, in our model
we assume no collisions of frames and thus can write the stationary probability of
transmission according to [48] as:
Pt,i =
2
CWi + 1
(4.2)
CWi in equation (4.2) stands for contention window of node i. Therefore, the proba-
bility of transmitting over the channel by Ni is subject to the CW of the nodes which
is the variable in equation (4.2). For any successful transmission across the channel, all
other nodes must hold back transmission while the reference node Ni transmits. The
probability then of a successful transmission by Ni is given as:
P st,i = Pt,i ·
m−1∏
i=1
(1− Pt,i) (4.3)
P st,i meaning the probability of successful transmission is dependent on the probabilities
of all other nodes not transmitting. From the equation, we can obtain the second state
probability of the channel being idle as:
Pq =
m∏
i=1
(1− Pt,i) (4.4)
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4.3.2 Capacity
The capacity of the system is a function of the total transmitted bits with respect to the
successful transmission probabilities of each CRN node. So first, it can be represented,
the capacity available to node Ni during a slot period as:
Ci =
P st,iBs
Ts
(4.5)
Bs and Ts represents the bits transmitted in one slot and the slot time respectively.
Hence, the total system capacity is the total successfully transmitted bits in one second
which is given as:
Ct =
∑m
i=1P
s
t,iBs∑
P st,iTs + PqTs
(4.6)
Our analysis assumes ideal channel conditions and attenuation of signal is free space
path-loss dependent only. Similar sampling interval Tsi is assumed for all coexisting
nodes because the same channel bandwidth is shared by all nodes on a time basis. The
sampling interval is important because it shows the frequency of the samples taken
on the signal which are then quantized into bits which varies from system to system.
Therefore, the transmitted bits within a slot period can be broken into individual
signal sampling in quantized bits. An expression can be written for the number of bits
transmitted within a slot period by Ni as:
Bis =
Bsi
Tsi(µs)
÷ Ts(µs)
Tsi(µs)
(4.7)
Bsi represents the bits transmitted within a sampling interval. The received signal y(t)
for the length of the transmission opportunity (TXOP) of Ni can be split into a series
of k samples which can be represented as:
Ntx∑
Ns=1
P st,i
Ns∑
k=1
Tsi = y(kTsi); 1 ≤ k ≤ Ns (4.8)
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Ns and Ntx are the number of samples per slot and the total slots within a given
TXOP. To consider the effects of noise at the receiver during a sampling interval, the
signal to noise ratio influences the capacity across the bandwidth and according to the
Shannon Hartley equation:
C = BWlog2(1 +
S
N
) (4.9)
The bandwidth is represented as BW , while S and N represent the received signal
power and the noise level respectively. The Shannon Hartley equation gives the upper
boundary limits to the capacity.
4.4 Modelling Coexistence of Multiple Cognitive Radio
Networks
As stated earlier, adopted is the CSMA/CA based DCF protocol as the coexistence
mechanism. The systems are denoted as System A and System B. Using the node
number estimation method in chapter three, the total number of nodes contending
over the channel is known. The fact that individual systems are able to obtain the
number of nodes connected its network, it is trivial to determine the number of nodes
contending by the other system. Therefore, the number of nodes for System A and
System B can be determined.
Because of similarity in coexistence protocol, the probability of successful transmission
can be extended to take into account the different systems which can be expressed as:
P st,i,a = Pt,i,a ·
a−1∏
i=1
(1− Pt,i,a) ·
b∏
i=1
(1− Pt,i,b) (4.10)
Equation (4.10) gives the probability of a successful transmission of a system A node.
This implies that all other nodes within both networks hold back transmission when
the node is transmitting. A similar expression also holds for system B node.
P st,i,b = Pt,i,b ·
b−1∏
i=1
(1− Pt,i,b) ·
a∏
i=1
(1− Pt,i,a) (4.11)
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The idle channel probability within a slot period is given as:
Pq =
a∏
i=1
(1− Pt,i,a) ·
b∏
i=1
(1− Pt,i,b) (4.12)
The observation time described earlier consists of the total transmission time (channel
busy time) by all nodes and the channel idle time. An expression for this can be written
as:
Tt =
a∑
i=1
(P st,i,aτtx) +
b∑
i=1
(P st,i,bτtx) + PqTid (4.13)
The transmission duration for each node are the same which is denoted as τtx. The
aggregate throughput for system A network is given as:
Wa =
∑a
i=1 P
s
t,i,aBtx,a∑a
i=1(P
s
t,i,aτtx) +
∑b
i=1(P
s
t,i,bτtx) + PqTid
(4.14)
Wa represent the aggregate throughput of system A and Btx,a is the transmitted bits
by a system A node within the transmission duration τtx. A similar expression holds
for system B.
4.5 Optimal Contention Window for Time-based Fairness
Access to the channel is principally influenced by the random backoff number chosen
within the CW. The CW is increased exponentially whenever a frame collision is de-
tected according to the 802.11 DCF protocol. However, to achieve TBF according to
our definition, all nodes need to have equal transmission time over the channel. This
equal access opportunity is taken into consideration every observation period. The
optimal CW is calculated intuitively to allow a proportion of channel access during an
observation period to guarantee short-term TBF. First an expression to define the unit
of TBF is given. From measurements of the previous observation period, all nodes are
4.5. Optimal Contention Window for Time-based Fairness 68
to work towards achieving equal time share in the next observed period. The time-
based fairness unit is the equal quantity of time all nodes have over the spectrum given
as:
Te =
∑a
i=1(P
s
t,i,aτtx) +
∑b
i=1(P
s
t,i,bτtx)
(a+ b)
(4.15)
Te is the equal amount of time all nodes must have to transmit within the observation
period. From equation (5.15), the probability of successful transmission by a system A
node Nj can be written as:
P st,i,a =
(a+ b)Te −
∑a−1
j 6=i=1(P
s
t,i,aτtx)−
∑b
i=1(P
s
t,i,bτtx)
τtx
(4.16)
A similar equation to (5.16) can be written for any system B node. For the sake of
convenience, the probability of all other nodes not transmitting when a system A or
system B node is transmitting is represented as:
X =
a−1∏
i=1
(1− Pt,i,a) ·
b∏
i=1
(1− Pt,i,b), Z =
b−1∏
i=1
(1− Pt,i,b) ·
a∏
i=1
(1− Pt,i,a) (4.17)
equation (4.16) is rewritten as:
2
CWj + 1
·X = (a+ b)Te −
∑a−1
j 6=i=1(P
s
t,i,aτtx)−
∑b
i=1(P
s
t,i,bτtx)
τtx
The solution for the optimal CW to guarantee equal time share in spectrum is given
in equation (4.18):
CWj =
2 ·X · τtx
(a+ b)Te −
∑a−1
j 6=i=1(P
s
t,i,aτtx)−
∑b
i=1(P
s
t,i,bτtx)
(4.18)
X stands for the probabilities that all other nodes desist from transmitting.
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4.6 Numerical Results
Following the analytical model for the TBF approach for CRNs in the unlicensed bands,
some numerical results are presented. To evaluate the performance of the proposed
approach, as earlier mentioned the LTE-LAA and IEEE 802.11 standard for Wi-Fi are
considered as the coexisting systems on the unlicensed bands implementing CSMA/CA
type protocols. The IEEE 802.11n standard is used for the evaluation.
4.6.1 Upper Boundary Capacities
First, the upper boundary capacities for LTE-LAA and Wi-Fi in equations are pre-
sented. The LTE frame structure spans a duration of 10ms with a transmission time in-
terval (TTI) of 1ms. The slots (half a subframe) consist of resource blocks (RBs). Each
RB contain resource elements (REs) representing one orthogonal frequency-division
multiplexing (OFDM) symbol. The upper bound capacity for LTE-LAA node can be
calculated by equation (4.19):
Cil =
NTTI∑
r=1
N iRB ×RE ×
bits
symb
(4.19)
where NTTI are the number of TTIs to i
th user in 1 second. N iRB are the number of
RBs in one TTI allocated to the ith user. REs are the number of resource elements in a
RB which is 84. The upper boundary capacity for the High Throughput (HT) 802.11n
specification for Wi-Fi can be approximated by equation (4.20) [61]:
Ciw ≈ BW ×
dataSB
totalSB
× bits
symb
(4.20)
SB stands for subcarriers. High Throughput (HT) transmissions over a 20MHz chan-
nel bandwidth BW are subdivided into 64 OFDM subcarriers each of 312.5kHz, 56
subcarriers however, are used for data transmission.
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Table 4.1: System Parameters for LTE-LAA and Wi-Fi used in Evaluation Study
Parameters LTE-LAA Wi-Fi (802.11n)
Slot time 9µs 9µs
SIFS N/A 16µs
DIFS N/A 34µs
Frame Size 1518 bytes 1518 bytes
SB Size 15kHz 312.5kHz
Total Data SB 1200 56
Bandwidth 20MHz 20MHz
Antenna Conf. SISO SISO
Traffic Model Saturated Traffic Saturated Traffic
User Dist. Random Random
Max CW Used 64, 256 64, 256
Ack Duration N/A 24µs
TXOP 5ms 5ms
4.6.2 Quantitative Measure of Fairness
The Jain Fairness Index (JFI) was proposed in [62] as a means to quantitatively measure
fairness among resource sharing computer systems. One of the properties of the JFI
which have allowed its wide use is due to its scalability, meaning the size and unit of
measurement does not affect the fairness measure. Equation (4.21) represents the JFI
which quantifies the measure of fairness between 0 ≤ f(X) ≤ 1. The closer f(X) is to
1 the fairer the resource sharing is considered.
f(X) =
[
∑n
i=1 xi]
2
n
∑n
i=1 x
2
i
(4.21)
The channel occupancy time shared between LTE-LAA and Wi-Fi networks is measured
in seconds. The overall channel occupancy time could then be split across both networks
as shown in Fig. 4.2
The JFI is modified to measure fairness of coexisting LTE-LAA and Wi-Fi occupancy
across the same channel. For N number of networks for each RAT and i number of users
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Figure 4.2: Diagram of Channel Status of Active Transmission (LTE-LAA and Wi-Fi)
and Idle Times
(nodes and devices) on each network we can express the total transmission time τtotal
for all users across all networks in a second as:
τtotal =
N∑
n=1
a∑
i=1
τn,i,l +
N∑
n=1
b∑
i=1
τn,i,w (4.22)
where τn,i,(l/w) denotes the transmission time of the ith user on the nth network within
a slot time. Network means the number of eNodeBs for LTE-LAA and Access Points
for Wi-Fi. Taking equation (4.21) and modifying the JFI similar to [21], it is proposed
that a suitable fairness index to measure the fairness of spectrum sharing could be
fNSFI(τ) =
[
∑N
n=1
∑a
i=1 τn,i,l +
∑N
n=1
∑b
i=1 τn,i,w]
2
itotal[
∑N
n=1
∑a
i=1 τ
2
n,i,l +
∑N
n=1
∑b
i=1 τ
2
n,i,w]
(4.23)
where itotal is the total number of users across both networks. NSFI means network
sharing fairness index.
4.6.3 Throughput and Fairness Evaluation
From the equations above, the total COT per node is used to evaluate the time-based
fairness measure across the channel. We adopt the basic access mode for 802.11 DCF
protocol for Wi-Fi transmissions. The duration of a Wi-Fi frame transmission is given
as:
Ttx = DIFS + Tf + SIFS + Tack (4.24)
Ttx is the frame transmission duration. Tf is equal to τtx which represent the actual
time the frame occupies the channel. DIFS, SIFS and Tack are the inter-frame spaces
and duration for transmitting an acknowledgement respectively. The analytical models
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for the LTE-LAA and Wi-Fi systems and the proposed time-based fairness approach
are simulated using MATLAB.
Figure 4.3: Baseline and Time-Based Fairness Charts for Wi-Fi and LTE-LAA
Throughput
Figure 4.4: Baseline and Time-Based Fairness Charts for Wi-Fi and LTE-LAA Channel
Occupancy Time
The simulation parameters used for the analytical results are shown in Table 4.1. The
baseline and TBF performance results are shown in figure 4.3 and 4.4, while figure 4.5
and 4.6 show the fairness performance for baseline and time-based fairness respectively.
The number of users are given on the x-axis of the charts. Each group of bars are results
based on the number of users for Wi-Fi, LTE-LAA and LTE-LAA+Wi-Fi throughput
and COT. Two sets of bars are given for each number of users (users means nodes and
devices). (N) stands for baseline while (TF) stands for time-based fairness. Two sets
of results are given based on CW of 64 and 256. In all results the time-based fairness
approach shows significant improvement in overall system throughput and COT. The
peak throughput for baseline achieved about 63.3 Mbps while our time-based fairness
approach achieves 85.5Mbps. The COT is substantially increased and fair i.e. all nodes
have equal share in time for transmission, which is also reflected in the NSFI charts.
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Figure 4.5: Baseline Graphs for LTE-LAA and Wi-Fi Throughput and COT NSFI
Figure 4.6: Time-Based Fairness Graphs for LTE-LAA and Wi-Fi Throughput and
COT NSFI
These upper boundary results reveal potential benefits of utilizing a TBF spectrum
sharing model for coexisting systems in unlicensed bands.
4.7 Conclusion
The proposed deterministic model for TBF shows that equal COT for all nodes, irre-
spective of their number on the network can be achieved. This was possible by obtain-
ing the deterministic optimal value to back-off transmissions, whereby over time equal
COT was reached and maintained. The results show the overall throughput measured
is substantially increased in all cases considered. This confirms a TBF approach is not
a compromise to throughput performance. The TBF model guarantees fairness in COT
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and improvement in spectrum utilization allowing more efficient use of spectrum.
Chapter 5
A Time Fairness Resource Sharing
Scheme for Coexisting Radio Access
Technologies in Unlicensed Bands
5.1 Introduction
In the previous chapter, an algorithm which enables TBF using a deterministic ap-
proach is presented. The upper bound performance of TBF shows better performance
compared to the existing coexistence scheme for LTE-LAA and Wi-Fi. In this chapter,
the resource sharing scheme proposed is based on LBT with a probabilistic approach.
The main contribution is a resource sharing scheme which builds on the node number
estimation method discussed in chapter three. The convoluted distribution of the uni-
form difference distribution is mapped into a pmf, which is then optimized to obtain
network-level fairness. It can also be implemented to achieve user-level fairness. Most
of the current fairness approaches for LTE-LAA and LTE-U coexisting with Wi-Fi have
been to achieve throughput fairness among all coexisting nodes on the same channel.
The difficulty in achieving any realistic throughput fairness between these systems is
that real-time knowledge of the current throughput per node is not trivial. Each RAT
has its own standard and information messaging across the systems requires knowledge
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of each systems’ technology. This is not scalable when other systems such as 5G be-
come part of the contenders for the unlicensed spectrum. Also, it increases the traffic
overhead across all systems, thereby reducing the average throughput achieved by each
node. Therefore, with these primary limitations of attaining any throughput fairness,
achieving some form of fairness between different RATs in a scalable and realistic way
is still a great need. Attempts for coexisting systems to share the spectrum channel re-
source in a timely manner have been proposed. In [42] the authors proposed a channel
occupancy time adaptation algorithm which adapts the LTE-LAA COT to the max-
imum A-MPDU time. The solution however requires a Wi-Fi AP collocated within
the eNodeB, which may not be the case for all deployments. So far, most coexistence
evaluations for RATs in unlicensed bands have involved LTE-LAA and Wi-Fi. Two
main channel access techniques have been proposed for U-LTE, which are DC channel
access and LBT [2,49].
The common resource shared by RATs coexisting in the unlicensed bands is the spec-
trum channel. The knowledge available via spectrum sensing, which is a requirement
in most regions of the world before transmission over a channel in unlicensed bands,
provides useful information, which can be used to aid a channel access scheme towards
fair time-based resource sharing.
Fairness is viewed from the perspective of the access node(s) or user devices(s) im-
plementing the resource sharing scheme. The resource sharing scheme is focused on
allowing each user to play fair in the use of the resource with respect to time sharing.
The benefit of the resource sharing scheme is that it is pragmatic and no messaging or
protocol modifications are required.
5.2 Problem Description and Performance Metrics
5.2.1 Problem Description to Fairness for Coexisting RATs
As mentioned earlier, most research activities have focused on achieving TF amongst
coexisting RATs in the unlicensed bands. However, with TBF, the goal is to enable
all contending nodes to have fair access and transmission time to the channel. TBF is
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different from channel access fairness. Channel access fairness offers equal opportunity
to transmit, however the transmission opportunity (TXOP) determines the maximum
length of time the channel is occupied by a transmitting node within the channel access
period, which is different for LTE-LAA and Wi-Fi. Although a TXOP is specified, the
transmission length could be variable within the TXOP and thus the average transmis-
sion time could be different for each contending node and thus leading to unfairness in
transmission time. The fairness problem among coexisting RATs is addressed in the
time domain by considering all contending nodes to have different transmission time
whereby the average transmission time will be the target TXOP in achieving fairness.
A deterministic approach was explored in achieving TBF in the previous chapter, how-
ever in this chapter, a probabilistic approach is proposed. The system and network
model used in chapter three is also used in this chapter.
5.2.2 Performance Metrics
The performance of the time fair resource sharing scheme is evaluated based on the
following:
• Average Throughput: This is the throughput measured over a period of time
when the time fair resource sharing scheme have been implemented.
• Average Channel Occupancy Time: This is the average time the channel is
occupied by a node(s) for each RAT during the time under consideration after
the time fair resource sharing scheme has been implemented.
• Fairness: The measure of fairness using the jain fairness index is measured with
reference to the node(s) performing the resource sharing scheme.
5.3 Throughput Fairness
For throughput fairness, the coexisting RATs achieve a similar measured aggregate
throughput. Where both Wi-Fi and LTE-LAA coexist on the same channel; network
throughput will give Sw ≈ Sl. To analyse the effects of channel conditions and physical
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layer performance on the cost of attaining throughput fairness, we write equations for
the upper boundary channel data rates for LTE-LAA and Wi-Fi nodes.
Dw,irate = BW log2(1 + SNRw,i) (5.1)
Dl,jrate = BW log2(1 + SNRl,i) (5.2)
Where BW is the bandwidth of the channel and SNR is the signal to noise ratio detected
by the receiving node. The SNRw,i and SNRl,i for a Wi-Fi and LTE-LAA node
respectively are subject to channel conditions due to distance and frequency dependent
path loss and fading. In this chapter with an indoor scenario, and from the network
model given in chapter three, the LOS path loss model used is given as:
PL = 22.0log10(d) + 28.0 + 20log10(fc) (5.3)
We ignore the effect of shadow fading for simplicity. The bigger the distance of the
receiver from the transmitter, the larger the path loss. The aggregate throughput for
the LAA and Wi-Fi networks is the sum of the individual data rates of nodes within
each network. The results presented in chapter for is reflective on these. Which is given
as Sw =
∑n
i=1D
w,i
rate and Sl =
∑n
j=1D
l,j
rate. n are the total number of nodes for LAA
and Wi-Fi. The number of bits transmitted during a symbol interval is based on the
SNR. The time taken to transmit a packet P is relative to the SNR. A higher SNR
permits higher data rates. For a measured SNR, the throughput of Wi-Fi is calculated
as:
Sw =
PsPtrE[P ]
(1− Ptr)ρ+ PsPtrTs + Ptr(1− Ps)Tc (5.4)
Ts which is the time taken to send a packet successfully changes based on the SNR
achieved by the transmitted signal. Hence, Ts =
E[P ]
BSI
·TSI . BSI are the bits transmitted
in a sampling interval and TSI is the sampling interval.
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Physical layer performances have attributes related to their spectral efficiencies. LTE-
LAA have better physical layer performance when compared with IEEE 802.11n stan-
dard for an example. The upper boundary capacities are given for both systems as:
CiL =
NTTI∑
n=1
N iRB ·RE ·
bits
symb
(5.5)
Where LTE TTI stands for Transmission Time Interval (TTI) which is the duration of
a subframe to a user i and RE is the Resource Element in a given resource block (RB).
Similarly, we can write the approximate upper boundary capacity for a 802.11n system
as [61]:
Ciw = BW ·
dataSB
totalSB
· bits
symb
(5.6)
The bandwidth BW is 20MHz, this is subdivided into 64 OFDM subcarriers (SB) but
with 56 SBs used for data transmission.
5.4 Time-Based Fairness
Time fairness when multiple RATs coexist on the same channel can be described as
each system obtaining approximately equal time occupancy of the channel. Just as in
the case of throughput fairness, time fairness could be given as tw ≈ tl where tw and
tl are the total COT for Wi-Fi and LTE-LAA respectively. In achieving time fairness,
the channel access scheme or protocol plays a main part in determining if time fairness
is achieved. Key parameters relevant to analysing time fairness performance are the
channel access probabilities and TXOP. The LTE-LAA channel access procedure given
in release 13 have similarities to the IEEE 802.11 CSMA/CA channel access scheme.
However, having different configurable TXOPs for LTE-LAA and Wi-Fi, the channel
sharing will be unfair time-wise. Denoting the channel access probability as α, and the
TXOP as τ ; even when αiw = α
i
l, the different TXOP τ for each system will make the
time sharing of the channel unfair i.e. αiwτ
i
w 6= αilτ il .
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5.5 Throughput Fairness vs Time-Based Fairness
Fairness between coexisting networks in unlicensed bands has been defined basically
as having crudely equal performance measurements. The 802.11 CSMA/CA protocol
provides throughput fairness when stations experience similar transmission rates [19].
This is the case when a RAT operating similar channel access schemes or protocol coex-
ists. The results in [63] show that when two operators coexist using the same RATs and
channel access scheme, throughput fairness is achieved. However, when multiple RATs
coexist with different physical layer technologies and system performances, throughput
fairness may not be achieved. Even when similar channel access schemes are used,
this may improve the channel access probability for both systems, however this does
not translate to throughput fairness. Another factor which influences throughput fair-
ness is the fact that channel conditions vary for each node contending on the same
channel. Even when equal channel access probabilities are achieved by the contend-
ing systems, this may not translate to equal throughput performance. Any means
to enforce throughput fairness, will have limiting impact on all other nodes because
the node with the lowest transmission rate utilizes more channel resources to mea-
sure up with other nodes with better channel conditions. Also, for RATs coexisting,
to track the throughput performances of individual nodes and networks is not trivial,
requiring messaging across coexisting systems to adjust contention over the channel.
TBF however, provides a different approach where each node can achieve equal access
over the channel in transmission time. TBF provides an alternative but practical way
compared to throughput fairness of fairly sharing the spectrum among the nodes and
also increasing the aggregate throughput across the network as well as improving the
spectrum utilization.
5.6 Time-Based Fairness Resource Sharing Scheme
From the previous section, multiple factors affecting the feasibility of applying through-
put fairness as a performance metric for coexisting RATs on the same spectrum channel
are discussed. Also, with TBF, designing systems to have very similar protocol charac-
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teristics may not guarantee fairness under different circumstances. To enforce a limit
on the channel access probabilities by individual systems and TXOP may stifle perfor-
mance of channel access schemes. Therefore, in this chapter a TBF oriented resource
sharing scheme which takes into consideration the ongoing activities over the channel
and optimizes channel contention by keeping track of the mean of the pdf of all trans-
mission intervals and selects an appropriate TXOP to ensure fairness is proposed. The
model considers the distribution of all transmission intervals being mapped to the pdf.
The mapping of the distribution to the pdf will aid evaluating probabilistic parameters
to enable quantifying current channel access probabilities by the already estimated node
numbers, and subsequently computing the optimal mean of the pdf for the reference
node(s) to achieve time fairness. The fairness model in this scheme can achieve fairness
relative to reference node(s) at the user-level or network level.
5.6.1 Fair Transmission Time Sharing
For RATs operating a LBT scheme in the unlicensed bands, a probability of accessing
the channel exists for transmission. While a few works [2,24] have focused on providing
a fair channel access probability for coexisting networks, this does not necessarily trans-
late into equal transmission time over the channel. This is because the time required
to transmit over the channel varies for each node depending on the amount of data
to be sent and the channel conditions which determines the data rate. The LTE-LAA
and Wi-Fi standard have different maximum TXOP with 10ms and 5ms for LTE-LAA
and Wi-Fi respectively. If every node uses the maximum TXOP as specified for each
system, even with equal channel access probabilities, there will still be unfairness in
time sharing of the spectrum. The definition given for fair time sharing in the unli-
censed spectrum is achieving equal average transmission time over the channel for all
coexisting nodes under saturated traffic conditions. If we denote Ttx as the transmission
time, which varies within the range 0 < Ttx ≤ TXOP . Fair time share for a given node
nw,i of Wi-Fi and nl,i of LAA could be represented as
∑N
w,i
Ttx
N =
∑N
l,i
Ttx
N .
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Figure 5.1: Mapping of Occurrence of Transmission Intervals to the probability distri-
bution function
Mapping of Transmission Interval Distribution to Probability Density Func-
tion
In estimating node numbers presented in chapter 3, just as the entire distribution of
intervals between transmissions was required to estimate the number of nodes contend-
ing across multiple CWs. So also, a complete picture of the distribution is required in
this model in order to obtain the mean of the interval and then to find the optimal
value to achieve time fairness in resource sharing.
If two nodes are contending to transmit over a channel at two different CWs, the node
operating at a higher CW is expected to experience more preceding transmissions from
the other node. This meaning the idle slot intervals between transmissions are not
uniformly distributed. A pdf of all transmission intervals are drawn out to mapped
the number of idle slots to their frequency. Figure 5.2 shows the distribution of the
transmission intervals mapped to the pdf. Figure 5.3 show actual transmission intervals
mapped to the pdf for 4 nodes coexisting within the same CW of CW size 128. The two
probability parameters required for optimizing the time fair resource sharing scheme
are the pdf and the mean. The pdf is obtained by the expression:
f(Y ) =
Yϕ(Y )∑Y
a=0 ϕ(Y )
(5.7)
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Figure 5.2: Mapping of Transmission Intervals to PDF for 4 nodes with same CW
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where ϕ is the frequency or number of occurrence of the random variable Y . The
random variable Y is the uniform difference distribution of all nodes contending over
the spectrum. The mean of the pdf is given as:
µ(Y ) =
Y∑
a=0
Y f(Y ) (5.8)
With equation (5.7) and (5.8) we can obtain the pdf and mean of the transmission
intervals based on the overall uniform difference distribution.
Distribution Optimization for Time-Based Fair Resource Sharing
We focus on achieving time fair resource sharing when multiple nodes contend for the
channel across multiple CWs. This is because, when nodes contend within the same
CW, they achieve time fairness as long as the average transmission time by each node
over the channel are the same. But this is not the case when nodes are across different
CWs. The relationship between the mean of the transmission interval is indicative of
the amount of fairness in accessing the channel by individual nodes. Similar mean of the
distribution of transmission intervals reveal fair share of access to the channel in time
when the average time of transmission are the same. We formulate the optimization
problem to minimize the level of disparity in accessing the channel across the different
RATs across the distribution of transmission intervals taking the constraint of fair COT
between both RATs to be approximately 1.
minimize
µ
F (µ)
subject to Fcot ≈ 1,
Where F is the objective function defined as the measure of fairness given by the
equation F (µ) = f(Y ) =
Yϕ(Y )∑Y
a=0 ϕ(Y )
. The constraint is also given by the equation
Fcot =
∑N
w,i
Ttx
N∑N
l,i
Ttx
N
≈ 1. The variables to minimizing F (µ) are to increase of decrease the
CW size.
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5.7 System Performance Analysis
The performance of both RATs coexisting on the same channel is largely influenced
by the individual system capabilities, such as the physical layer capabilities and the
channel access procedures or protocols.
5.7.1 Throughput
The throughput achieved by a node is dependent on the amount of pay load bits it can
transmit within a specified period over the channel. The throughput is also influenced
by the number of nodes contending for the channel. The method for estimating the
node numbers given in chapter 3 using the uniform difference distribution, provides a
distribution of transmission intervals which can be analysed to give the average access
of transmission by a node over a channel. We denote the throughput of a node as S.
To compute S, the slot time is the unit time common to both RATs through which the
backoff counter is decremented. However, in computing S, the interval in transmission
is not the only consideration. The period of channel occupancy by other contending
nodes over the channel also adds to the delay in transmission. Therefore, the average
delay due to backoff time and actual transmission by other nodes must be analysed and
considered for computing S. The average duration of transmission over the channel by
individual nodes is denoted as TL, which can be represented as a unit of slot time. To
compute Si, which is the throughput for a reference node i, all segments of transmission
by the reference node must be considered. In the case where all nodes are contending
within the same CW, all segments have equal probability. Segments are refered to as
the order at which nodes transmits due to the uniform random selection of the integer
whereby it backs-off or delays transmission. This order, on average, changes after each
transmission circle when a new backoff integer is selected.
Si =
∑n
1
TLBτ
τ∑n
1 TL + {E(Xi −Xj) + 2E(Xi −Xj) + . . . nE(Xi −Xj)}
(5.9)
Bτ are the bits transmitted within a slot time, while n is the number of nodes already
estimated, τ is the slot time and E(Xi−Xj) is the mean transmission interval between
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any given node contending within the same CW. The mean transmission interval is
the same across the nodes when contending within the same contention window. So,
from equation (5.13) the number of nodes influences the mean transmission interval
considered to compute the throughput. In the case of nodes contending across different
CWs, the probability of each segment gaining priority over other nodes is different,
which implies the mean interval between transmissions are not the same. So, to compute
the throughput of a reference node i, the individual mean of transmission interval
between each segment of transmission cycle is taken to account. If we represent the
highest number of preceding transmissions before the transmission of a reference node
as z, we can rewrite equation (5.13) as:
Si =
∑z
1
TLBτ
τ∑z
1 TL + {E(Xi −Xj) + 2E(Xi −Xj) + . . . zE(Xi −Xj)}
(5.10)
It must be noted that the mean values E(Xi−Xj) in equation (5.14), these are governed
by a weighted probability which are already incorporated when the joint pmfs of the
nodes within different CWs are obtained from equation (3.26) in chapter 3.
5.7.2 Channel Occupancy Time
To obtain the average COT experienced by a node transmitting, two time components
are considered, which are the mean delay due to transmission intervals and the trans-
mission time of other competing nodes for the channel. Again, for nodes contending
within the same CW, symmetry in priority in accessing the channel is relevant.
COTi = Ttotal −
n−1∑
1
TL + {E(Xi −Xj) + 2E(Xi −Xj) + · · ·nE(Xi −Xj)} (5.11)
Where COTi is the COT for a node i and Ttotal is the total time observed over the
channel. Also for nodes contending across different CWs, a similar expression can be
written, also taking into account the weighted priority with respect to the different
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Table 5.1: System Parameters for LTE-LAA and Wi-Fi used in NS3 Simulations
Parameters LTE-LAA Wi-Fi (802.11n)
Slot time 9µs 9µs
SIFS N/A 16µs
DeferTime/DIFS 43µs 34µs
Propoagation Model ITU Indoor Propagation Model ITU Indoor Propagation Model
Tx Power BSs/APs 18dBm 18dBm
Total Data SB 1200 56
Bandwidth 20MHz 20MHz
Antenna Conf. SISO SISO
Traffic Model UDP Traffic (75Mbps) UDP Traffic (75Mbps)
User Dist. Uniformly Random Uniformly Random
Min and Max CW Used 15 & 127 15 & 127
Max TXOP 8ms 4ms
CWs as:
COTi = Ttotal −
z−1∑
1
TL + {E(Xi −Xj) + 2E(Xi −Xj) + · · · zE(Xi −Xj)} (5.12)
5.7.3 Fairness
The quantitative measure of fairness, i.e., TBF adopted in chapter 4 is also used to
evaluate fairness performance in the proposed resource sharing scheme in this chapter.
fNSFI(τ) =
[
∑N
n=1
∑a
i=1 τn,i,l +
∑N
n=1
∑b
i=1 τn,i,w]
2
itotal[
∑N
n=1
∑a
i=1 τ
2
n,i,l +
∑N
n=1
∑b
i=1 τ
2
n,i,w]
(5.13)
where itotal is the total number of users across both networks. NSFI means network
sharing fairness index.
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Table 5.2: Contention Window Adjustments for TBF by LTE-LAA - 4 Coexisting
Nodes
Time of Adjustments min and max CW TXOP
0 secs 15 & 127 8ms
30 secs 31 & 127 4ms
90 secs 63 & 127 4ms
150 secs 15 & 127 8ms
Table 5.3: Contention Window Adjustments for TBF by LTE-LAA - 10 Coexisting
Nodes
Time of Adjustments min and max CW TXOP
0 secs 15 & 127 8ms
60 secs 31 & 127 4ms
120 secs 63 & 127 4ms
180 secs 127 & 127 4ms
5.8 Simulation Results
In this section, the simulation results of the proposed TBF resource sharing scheme are
given and discussed. Two separate results are obtained for two different node numbers
using the ns3 system level simulator. The simulation parameters are given in Table 5.1.
Four sets of results are given for the node numbers of 4 nodes and 10 nodes respectively.
The number of nodes per RAT are split equally.
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Figure 5.3: Transmission Interval Means for 4 nodes (2 LTE-LAA and 2 Wi-Fi nodes)
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Figure 5.4: Channel Occupancy Time for 4 nodes (2 LTE-LAA and 2 Wi-Fi nodes)
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Figure 5.5: Throughput for 4 nodes (2 LTE-LAA and 2 Wi-Fi nodes)
4 Nodes: In figure 5.3, the mean of the transmission interval which are mapped to pdf
is shown. The graphs show the mean during the course of the simulation time at the
time shown. The initial mean after 30 seconds of observation when compared with figure
5.4 shows the disparity in the COT between LTE-LAA and Wi-Fi RATs. Therefore to
minimize the mean in accordance with the distribution optimization problem to pursue
TBF, the CW sizes are adjusted in response to the measured mean. A table of the CW
adjustments during the course of the simulation is given in Table 5.2. After increasing
the minimum CW size for LTE-LAA after 30secs not much change is experienced in
the mean. This is because the binary exponential backoff of Wi-Fi is more sensitive to
collisions and thus increases it CW. Only when LTE-LAA minimum CW is increased to
63 is significant difference experienced. This reflects the impact of the salient difference
in the procedure to increasing the CW in LTE-LAA and Wi-Fi. Also the TXOP
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Figure 5.7: Transmission Interval Means for 10 nodes (5 LTE-LAA and 5 Wi-Fi nodes)
for LTE-LAA is reduced after 30 secs to align with the maximum TXOP of Wi-Fi
measured over the channel. The baseline LTE-LAA and Wi-Fi transmission interval
mean is shown by the red line on the graph. In figure 5.4, the COT differences gradually
narrows during the course of the simulation. The benefit of TBF is revealed compared
to the stark disparity in COT by the purple and red lines for LTE-LAA and Wi-Fi
without TBF respectively. Throughput performance is improved for Wi-Fi and relative
fairness in throughput is also achieved between LTE-LAA and Wi-Fi as shown in figure
5.5. The fairness index graphs in figure 5.6 show the quantitative measure of fairness
and its improvements.
10 Nodes: The results when 10 nodes coexist are also given. The transmission interval
means show similar trends to when 4 nodes coexists in figure 5.7. When LTE-LAA
minimum CW increases to 31 no significant changes are encountered until adjustments
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Figure 5.8: Channel Occupancy Time for 10 nodes (5 LTE-LAA and 5 Wi-Fi nodes)
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Figure 5.9: Throughput for 10 nodes (5 LTE-LAA and 5 Wi-Fi nodes)
are made to minimum CW 63. The CW adjustments are shown in Table 5.3. A longer
time was required to attain TBF in the case of 10 nodes. This is because the disparity
in COT between LTE-LAA and Wi-Fi under baseline setting is exacerbated as the
number of nodes increases. So the more nodes contending over the channel the wider
the difference in COT. The wide difference in throughput between LTE-LAA and Wi-Fi
is also reflected in the throughput graphs in figure 5.9. Again, as the minimum CW
for LTE-LAA is increased to minimize the transmission interval mean, improvement in
COT and throughput are experienced. However, it takes longer to achieve TBF with
more nodes. The fairness index in figure 5.10 clearly reflects the fairness performance
in COT and also Throughput.
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Figure 5.10: NSFI for 10 Nodes (COT & Throughput)
5.9 Conclusion
In this chapter, a TBF resource sharing scheme is presented building on the work on
node estimation for coexisting RATs. The transmission intervals across the channel are
mapped to its pdf whereby the mean is indicative of the channel access fairness. By
implementing the TBF resource scheme, the transmission interval mean is minimized
till approximately equal COT is achieved by both coexisting RATs. The results show
that COT can be achieved as well as reducing the level of disparity in throughput
between LTE-LAA and Wi-Fi. The contribution in this chapter provides a practical
and efficient way of implementing TBF for coexisting RATs in unlicensed bands.
Chapter 6
Conclusions
6.1 Conclusion
In this chapter a summary of the objectives and outcomes of the research carried out
in this thesis are given. Also areas of future work are also identified.
The drive by cellular networks to harness the available unlicensed spectrum has come
with much anticipation to boost network capacity but also apprehension to incumbent
RATs stakeholders about its impact on the performance of their systems. The impor-
tance of fairness as a performance metric have been discussed and the types of fairness
and approaches also reviewed. TBF have been shown to improve spectral utilization
and overall aggregate throughput performance across RATs in unlicensed bands. How-
ever, the means to achieve this in a pragmatic and efficient way had been elusive. In
light of the gaps and challenges to achieving TBF among coexisting RATs in unlicensed
bands, the work in the thesis have focused on addressing some of the existing gaps.
In chapter 2, a review of the issues, metrics and approaches towards achieving fairness
among coexisting RATs was discussed. The issues around firstly the definition and
perspectives to fairness have been highlighted. In evaluating fairness, several network
and system models have been used of which some are given. Performance metrics for
coexisting RATs are also briefly discussed. The types of fairness adopted, levels at
which fairness is measured and approaches and solutions towards achieving the differ-
ent types of fairness presented in literature are also covered. Finally, some of the gaps
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in research in providing practical and efficient fairness solutions are pointed out.
In chapter 3, the work focuses on addressing a critical aspect in implementing most fair-
ness based solutions for coexisting RATs in unlicensed bands. The problem of lack of
accurate node number estimation techniques in quantifying fairness and consequently
responding to it appropriately, have motivated the work in this chapter. The novel
method proposed, being a technology-neutral approach, the relationship between all
nodes contending over the unlicensed spectrum is reflected in the distribution of time
intervals between successive transmissions. The uniform difference distribution pro-
vides the way to obtaining this vital distribution. The characteristics of the uniform
difference distribution allows through the mean to estimate the number of nodes. The
results show tight estimation of nodes in scenarios of nodes contending within the same
CW and multiple CWs with a tight estimate and good accuracy.
In chapter 4, the goal of exploring the upper boundary performance for coexisting RATs
with CR ability when TBF is applied is analysed. A deterministic approach whereby a
specific backoff value is chosen to delay transmission is explored. Based on the work in
chapter 3 to estimate the number of nodes as well as estimating CW of the nodes, an
optimal backoff value can be obtained to achieve TBF. The analytical results showed
the deterministic approach achieves TBF as well as improve spectrum utilization and
combined overall aggregate throughput.
In chapter 5, the crucial objective of finding a fairness solution which is practical and
implementable is proposed. Again, building on the node estimation method in chap-
ter 3, the number of nodes estimated enables quantifying the time share of spectrum
required to achieve approximately equal share in COT. The distribution of the trans-
mission intervals obtained while estimating the node numbers is mapped into it’s pdf
whereby the mean of the distribution can be obtained. The mean also is indicative of
the channel access probabilities attained by the nodes. To achieve TBF, the mean of
the transmission interval’s distribution is optimized to the point where COT between
coexisting RATs are approximately the same. This is done by adjusting the CW sizes.
The TXOP is also adjusted to align with the smallest TXOP sensed of the channel. The
simulations results show the significant improvement in disparity in both throughtput
and COT between LTE-LAA and Wi-Fi RATs. When TBF is achieved, the results
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reveals that efficient spectrum utilization is possible and overall aggregate throughput
performance is better.
6.2 Future Work
A few aspects or areas of research to extend the work given in this thesis is briefly
discussed.
6.2.1 Time-Based Fairness Impact on Delay Performance
Delay is a key aspect on the performance of systems coexisting in the unlicensed bands.
Most works have mainly considered throughput performance. However, under perfor-
mance fairness, latency is also required to be evaluated. Understanding the impact of
TBF on delay under multi RATs scenarios is crucial in getting a broader understanding
of the performance of TBF solutions.
6.2.2 QoS Capability in Time-Based Fairness Solutions
The upper boundary performance of TBF solutions have been shown, however, the
ability to introduce QoS capability can make the TBF solution more attractive. QoS
metrics can be introduced such that based on number of nodes and contention on the
channel, short-term priority access to the channel can to made only to be compensated
to other nodes in the mid to long-term period.
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